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Some Pre^ Opintms 

*It is impossible to speSk too highly 
of Thorpe’s Dictionary of Applied 
Chemistry .... The distinction 
between pure chemistry and 
applied is slowly disappearing and 
the new edition contains many 
interesting articles contributed by 
those conspicuous for their know- 
ledge of pure chemistry and other 
articles written by those who are 
experts in industrial processes in 
winch chemistry plays an import- 
ant part .’ — Chemistry and Industry 

’Merely to browse through this 
book is a most salutary proceeding 
for, apart from inducing a fuller 
appreciation of aU the work that 
has been involved in the produc- 
tion, it brings home with a start- 
ling jolt how much there is that one 
does not know. It follows that, 
when in search of a piece of in- 
formation, it is wise to ’4ook it up 
in Thorpe first ”.’ — Nature 

’The names of the various writers 
and the established reputation of 
the book are sufficient guarantee of 
its general excellence .... The 
work as a whole is beyond 
criticism .’ — The Analyst 

’There seems little danger of 
’’Thorpe” ever being displaced from 
its proud position in the inter- 
national literature of chemical 
technology.’ 

^Chmical Trade Jaunml 
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0 — continued. 

OILS (FATTY) AND FATS. The 


materials to be considered are the natural fats 
produced in the vegetable and ammal kingdoms, 
especially those which find important use m the 
production of edible fats, soaps, or other 
detergents, pamts and varnishes, and in some 
other industries. The discussion is therefore 
broadly confined to the natural glycerides 
(esters of higher fatty acids with glycerol) which 
form the overwhelming bulk of the industrially 
useful fats. Other forms of fatty-acid deriva- 
tives are found in nature and may accompany 
the glycoridic fats. Such forms include phos- 
phatides, in which a glycerol molecule is com- 
bined with two higher fatty-acid radicals, the 
remaining glyceryl hydroxyl group being united 
to phosphoric acid which in turn is linked with 
a nitrogenous base (chlorine or /?-aminoethyl 
alcohol) ; wax esters, which are esters of higher 
fatty acids with some of the corresponding 
higher fatty alcohols, or with sterols (or vitamin- 
il), or (in a few instances) with a glyceryl higher 
acyl ether (batyl, selachyl, chimyl alcohols) ; and 
some other more complex substances such as 
sphingomyehn (cerebrosides, etc.). Although 
in most cases glyceridic fats (mixtures of mixed 
triglycerides, to which the term fats will bo 
restricted throughout this article) are sub- 
stantially the only lipid substances present in 
the materials here dealt with, a rigid hne of 
demarcation cannot be drawn. In particular, 
some of the natural fats are accompanied by 
waxes of the ester type mentioned. This is 
notably the case in the sperm-whale oils and a 
few other fats of marine origin ; whilst the small 
amounts of sterols which usually accompany 
natural fats, and of batyl, etc., alcohols which 
are sometimes present, frequently occur in the 
form of higher fatty esters in the natural state. 
These sterols and other alcohols, which are 
usually termed “ unsaponifiable constituents,” 
are thus mainly present in the form of wax 
esters (or ester-waxes). Ester- waxes in which 
glycerides are not present, such as the insect 
waxes (S.g., beeswax) and vegetable waxes 
(e.g., camauba wax)*, are mainly esters of ali- 
phatic alcohols and acids of h^her molecular 
weight than those present in* the glyceridic fats ; 
they are outside the scope of this article. 

VoL. IX.— 1 


Consideration of the natural fats (triglycerides) 
is thus complicated to a certain extent by the 
circumstance that they are frequently ac- 
companied by some of the other lipid groups, 
usually in very small proportions, but occasion- 
ally in larger amounts. It has been complicated 
further until recently by the terminology applied 
to the glyceridic fats themselves. Originally, 
only those natural fats which happened to be 
sohd at the usual temperatures were referred to 
as fats : those liquid at the usual temperatures 
were first termed “ fixed oils,” to distinguish 
them as a class from the volatile or essential oils 
(terpene derivatives, etc.) also found in the 
vegetable kingdom. Even later, the liquid fats 
have been usually termed oils, or fatty oils, and 
the usage in the case of well-known specific fats 
such as linseed oil or cottonseed oil has become 
so conventional that it must remain. Neverthe- 
less it is desirable for systematic purposes to 
classify the entire group as ” fats,” distinguish- 
ing solely, if desired, between solid fats and 
liquid fats (the ” fatty oils ”). 

GENERAL NATURE OF NATURAL 
FATS. 

Natural fats occur throughout the vegetable 
and animal kingdoms from the simplest 
organisms up to the most highly developed forms 
of vegetable and animal life, and are present in 
almost all tissues and organs. In the vegetable 
kingdom, fats are deposited in largest amounts 
m the seeds, usually in the endosperm where, 
with proteins and carbohydrates (starch), they 
serve as nourishment to the embryo. In some 
instances the fleshy fruit-coat (pericarp or 
receptacle) of the seed also contains notable 
proportions of fat, whilst in certain plants fat 
is present in some quantity in the tubers or 
rhizomes. In small proportions, it should be 
noted in passing, fats are found in all parts of 
the growing plant, roots, leaves, and fruits, but 
in most instances it is only in the seed that any 
high concentration of fat is observed. Li animals, 
fats are usually stored in quantity in certain 
tissues, notably beneath the skin and around 
or in some Of the intestinal organs. The kidneys 
are normally 8urrounded«by a layer of fat, and 
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in 8 ome animals (mainly fish) the liver serves as 
a fat-store as well as being, in all animals, the 
jirobablo main site where fats are synthesised 
and elaborated by the animal Fats also occur, 
but often only m minor pioportions, in most of 
of the organs and tissues of animals Finally, 
in mammals, the milk fats are important mem- 
bers of the group which may differ character- 
istically in composition from the rest of the 
animal fats. 

From the technological standpoint, the fats 
of most interest are naturally those available 
in gieatest quantity and concentration in the 
respec tive natural organisms. In the vegetable 
kingdom, therefore, it is the seed fats and a 
few fiuit-coat fats which aie of chief value, 
especially seed endosperms which aie rich in fat 
and contain, e g , fiom 25 to 50% of fatty matter. 
In the animal kingdom, similarly, the mam 
storage* or dej)ot fats are those of greatest in- 
dustrial value — the adipose tissue fats liom the 
back or rump of domestic animals such as the 
pig or o\', the blubber of whales, the perinephric 
fat surrounding the kidneys (lard, suet), and in 
fishes either llesh fats (e g , herring) or livei fats 
(e g , cod) To these must be added, as already 
mentioiK'd, the mammalian milk fats (especially 
butter l<it from the cow) on account of their 
dietetic impoitance. 

Mktuods of Investigation of the 
Components of Natural Fats. 

Natural fats are essentially mixtures of mixed 
triglycerides and resolution into their com- 
ponent glycerides by physical means is usually 
impracticable A typical animal body fat, for 
example, may consist of large proportions of 
palmitodioloin and oleopalmitostearin, with 
lesser quantities of such mixed glycerides as 
oleodisteaiiii, oleodipalmitin, palmitodisteaiin, 
dipalmitostcann, and tiiolein The solubilities 
of many of these components are too similar to 
permit of any adequate resolution by crystal- 
lisation Nevertheless, as shown below, other 
methods have been utilised whereby an approxi- 
mate knowledge of the constituent mixed 
glycciides can bo obtained, at all events when 
the mixture of fatty acids present m the whole 
fat IS not too complex. 

Component Fatty Acids. — Whilst the deter- 
mmation of the component glycerides of a fat 
IS a difficult and laborious undertaking, that of 
the component fatty acids (t e., the mixture of 
fatty acids present in combination as glyceiides 
and obtained by quantitative hydrolysis of the 
fat) can be effected with considerable accuracy, 
although hero also the procedure is lengthy 
The method hitherto usually employed has been 
first to separate the mixed fatty acids from a 
fat into two groups — those the lead salts of 
which are insoluble in 95% alcohol, and those 
the lead salts of which are soluble in this 
medium. (In the special case of milk fats, 
which may contain butyric, hexanoic, and 
octanoio acids, these are removed as far as 
possible by distillation of the mixed fatty acids 
in a current of steam before carrying out the 
lead-salt separation, the steam- volatile acids j 
being recovered* and dealt with separately by 
fractional distillation) The lead salts of 


palmitic, steal 1C, and higher saturated fatty 
acids aie insoluble in alcohol, those of myristic, 
lauiic, dccanoic, and octanoic sparingly (but 
incicasinglv) soluble, whilst of the unsatuiatcd 
acids only the mono-ethenoid acids of the Cgo* 
C 22 » and C 24 senes, and to a minor extent oleic 
acid (together with “ iso ’’-acids from hydro- 
genated fats) form lead salts sparingly soluble 
in alcohol On the other side, monoethenoid 
acids of the series or lower homologues and 
all natural polyethcnoid acids yield lead salts 
which are freely soluble in alcohol, whilst, as 
stated, lead oleate is largely soluble Conse- 
quently this preliminary sepaiation gives ( 1 ) one 
group of fatty acids in which nearly all the 
palmitic and all the higher saturated acids are 
present, with part of any myristic or lower 
saturated acids, a small proportion of oleic and 
most of any higher monoethenoid acids, and 
( 11 ) another group of fatty acids containing, in 
addition to small amounts ot palmitic and lower 
saturated acids, practically all the unsaturated 
acids from the original fat. The lead salt 
sepaiation has given excellent service although 
it IS not fully effective when the saturated acids 
form 10 % or less of the total acids in a fat, or 
when they consist largely of acids of lower mole- 
cular weight than myristic or palmitic Further- 
more, the conversion of the more unsaturated 
acids into salts and then back to free acids offers 
oppoitumties for oxidation or other chemical 
changes which are better avoided, e gr , by the 
use of physical rather than chemical methods of 
separation. 

►Such a physical method, rapidly coming into 
use, IS the resolution of a mixture of fatty acids 
into several gioups (in which, respectively, 
saturated, monoethenoid, or polyethenoid acids 
will be largely concentrated) by crystallising it 
systematically from appropriate solvents over a 
lange of temperatures, usually between —60° and 
0 °. Acetone is probably the best general solvent, 
although ether and light petroleum are preferred 
in specific instances. Ciystallisation at —50° to 
—60° leaves in solution linolenic, Imoleic, and 
other polyethenoid acids with minor amounts 
of oleic and saturated acids , a temperature of 
—30° servos as a rule to give fair separation of 
saturated from oleic and Imoleic acids. The 
best conditions for different mixtures of fatty 
acids obtained from natural fats must be selected 
accoiding to the general nature of the m-xture 
and, where nei’essary, after preliminary trials 
have been made (c/. Foreman and Brown, Oil 
and Soap, 1944, 21, 183 ; Hilditch and Riley, 
d S C 1. 1945, 64 , 204, 1946, 65 , 74, Gunstone 
and Hilditch, %hid. 1946, 65 , 8 ). 

The saturated, oleic, Imoleic, linolenic, and 
elaeostearic acid contents of each group of 
acids thus obtained by low- temperature crystal- 
lisation from fatty ods containing one or more 
of these polyethenoid acids can be determined 
from ( 1 ) the extmction coefficient at 

268 m/x. (elieostearic) and ( 11 ) the extmction 
coefficients of bands at 268 m/x. (linolenic) and 
234 m/x (hnoleic) due to conjugated tn- or di- 
ethenoid acids produced by isomeric change 
when hnolenic and hnoleic acids are heated 
imder standardised conditions with alkali 
(Mitchell, Kray bill, and Zscheile, Ind. Eng. 
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Chem. [Anal], 1943, 15, 1; Beadle and Kray* 
bill, J. Amer. Chem. Soc. 1944, 66, 1232, 
Hilditch, Morton, and Riley, Analyst, 1945, 70, 
()S ; G unstone and Hilditch, Hilditch and Riley, 
Ic). 

Each gioup of acids is converted into methyl 
esters and the latter are distilled at low pressure 
(0 2-1 Am ) through a fractionating column. 
Longeneckcr (J S C.I. 1937, 56, 199t), has 
described a suitable type of electrically-heated 
and packed column. The distillations can be so 
adjusted that, within very narrow limits, no 
resulting fraction will contain more than two 
saturated esters, or more than two homologous 
groups of unsaturated esters. From the mean 
molecular weight (saponification equivalent) 
and the mean unsaturation (iodine value) of 
each fraction its composition can in general bo 
deduced, and theiefrom the component acids 
present in each group of acids, and ultimately, 
the proportions of the component fatty acids 
present in the original fat (For fuller details 
of the procedure, cf T. P. Hilditch, “ The 
Chemical Constitution of Natural Fats,” Chap- 
man and Hall, Ltd , 1947, Chapter XI ) 

It should be observed that the above methods 
are intended to define the fats in terms of their 
ultimate chemical composition. For rapid 
evaluation of fats there exist an increasing^ 
number of specific deteiminations (e.g.j saponifi- 
cation value, acid value, iodine value, thio- 
cyanogen value, acetyl value, Reichert-Meissl 
and Polcnsko values, etc.) which serve to define 
the analytical characteristics of a fat. These 
methods, many of which are indispensable in the 
routine examination of fats in industry, and by 
the Public Analyst, form the subject of a 
separate article (Oils (Fatty) and Fats, 
Technical Analysis of, this Vol., p. 52c). It 
may here be remarked that these methods, 
valuable as they are for the purposes of control, 
merely give average values for the molecular size 
(equivalent), unsaturation, content of steam- 
\ olatile acids, or other characteristic of the fat as 
a whole, and are therefore rarely of use by them- 
selves in elucidating the chemical composition of 
a fat or of its component fatty acids. For the 
latter pm pose the more complete “ ester- 
Iractionation ” technique is essential. 

Component Glycerides. — From about 
1895 onwards a number of investigators, not- 
ably Klimont, Bomer, and Amberger, attempted 
with little success to resolve a number of solid 
natural fats by crystalhsation mto their in- 
dividual component glycerides. The general 
results of their exhaustive studies, although 
largely negative m character, served to estabhsh 
the fact, long suspected, that simple trigly-* 
cerides (triglycendes with three radicals of the 
same fatty acids) are of quite exceptional occur- 
rence in natural fats and that the latter consist, 
often wholly, of mixed triglycerides. 

Quantitative study of natural fat glycerides 
only begin in 1927, when Hilditch and Lea 
(J.C.S. 1927, 3106) showed that triglycerides 
containing three saturated acid components can 
be isolated from and determmed m a fat by 
oxidismg it in acetone solution with potassium 
permanganate, when all unsaturated glycerides 
can be converted into acidic products of oxida- 


tion and subsequently removed from the un- 
attacked, neutral fully-saturated triglycendes. 
Apphcation of this procedure to a wide range of 
solid fats estabhshed that, as a general rule, the 
proportions of fully-saturated glycerides was 
neghgible until the saturated acids present in 
the fat amounted to more than 60% of the total 
fatty acids, but that thereafter the proportion 
of fully-saturated glycerides rapidly increased 
in such a manner that m the mixed glycerides 
containing both saturated and unsaturated acids 
the ratio of saturated to unsaturated acids still 
remained at about 6.4. Definite exceptions to 
this generalisation were noted, however, in two 
groups of fats, (i) animal body-fats containing 
10-30% of stearic acid, and (ii) animal milk-fats 
(v. infra) 

Subsequently it was found, by study of 
partially-hydrogenated fats or of the tristearm 
content of completely hydrogenated fats, that 
liquid fats, in which oleic and Imoleic acids were 
the chief components, contained proportions of 
tri-unsaturated glycerides which approached the 
minimum amount possible, i e., the unsaturated 
acids were linked in the form of mixed saturated - 
unsaturated glycerides with the saturated acids 
also present in the fat, almost as far as the 
proportion of the latter permitted. 

This earher quantitative work on glyceride 
structure led to more precise knowledge of the 
general tendency towards formation of the 
minimum possible proportions of mixed tri- 
glycerides in natural fats, and also of apparent 
exceptions, as mentioned above, to this general 
behaviour in a few groups of fats. Except when 
the number of component fatty acids was very 
small (two or three), however, examination of 
the fats as a whole by the quantitative methods 
indicated above still failed to give a very com- 
plete picture of the component glycerides 
present More completely quantitative state- 
ments of the component glycerides in a natural 
fat have been found possible by resorting to the 
method, used by the earliest investigators, of 
physical separation of the fat by crystallisation 
from an appropriate solvent, acetone having 
been found most useful. Although it is very 
rarely possible to isolate individual glycerides 
from a fat by this means, it is comparatively 
easy to effect a separation into groups, usually 
of different degrees of unsaturation. Thus, 
glycerides containing three unsaturated acid 
groups are very freely soluble m cold acetone, 
those containing two unsaturated and one 
saturated acid group somewhat less so, whilst 
mono -unsaturated disaturated glycerides are as 
a rule but spanngly soluble, and glycerides with 
three saturated acid groups are usually almost 
insoluble in cold acetone. Thus, by a few 
systematic crystalhsations of a fat, or of its 
partly-resolved components, from acetone at 
concentrations and temperatures which may be 
suitably varied, it is possible to divide it into 
four or five fractions, each of which will contain 
only two of the above groups in large propor- 
tions, accompanied by subordinate amounts, at 
most, of a third group. Determination of the 
component acids m each fraction, coupled where 
possible with determination of the fully- 
saturated glycerides and their component acids, 
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or of the content of tn-unsaturated glycendes of 
the Cjg acids (oleic, linoleic, etc ) leads in general 
to a close estimate of the main component 
glycerides in each fraction, and therefrom to a 
more or less detailed statement of the composi- 
tion of the original fat. 

With sohd or semi-sohd fats, crystallisation 
from acetone down to 0® suffices to give an 
adequate preliminary resolution of the fats. 
In the case of liquid fats such, for example, as 
olive, cottonseed, linseed, or whale oils a 
similar separation can be made by crystaUising 
from acetone and sohd carbon dioxide at pro- 
gressively lowered temperatures down to —40® 
or —60®. In such instances the only quantita- 
tive determination which can be made on the 
separated fractions is that of their component 
acids, but very frequently this then suffices to 
give a good indication of the probable quantita- 
tive composition of the mixed glycerides in the 
original fat. 

In fats which contam only three or four major 
component acids, quantitative study by the pro- 
cedure outlined in the preceding paragraphs 
usually affords a definite statement of the chief 
component glycerides to within 2 or 3 units per 
cent of the true figures Where (as, for example, 
m milk fats or fish oils) the number of com- 
ponent acids IS much greater, it is not in general 
possible to obtain so complete a statement, but 
the proportions of the chief groups of tri- 
glycerides present can be determined within 
fairly well-defined limits for each group. 

Component Glycerides and Acids in 
Natural Fats. 

It will bo evident from what has been said 
already that, from the point of view of their 
constitution, the fats may be considered in 
terms of the actual glycerides present, or merely 
from the point of view of the nature and propor- 
tions of the fatty acids in combination in the 
whole fats. Whilst the mode of assemblage of 
fatty acids into the component mixed glycerides 
of natural fats appears to be governed by the 
same fundamental principles throughout almost 
the entire vegetable and animal kingdom, the 
nature of the particular fatty acids present in a 
fat is largely governed by biological factors and, 
indeed, a fairly close connection can be traced 
between the component acids of many fats and 
the place of the fat-producing organism, plant 
or animal, in the scale of evolutionary develop- 
ment (Hilditch and Lovern, Nature, 1936, 137, 
478). 

General Features of Glyceride Structure 
in Natural Fats. — ^The mode of assemblage 
of fatty acids in the triglycerides of fats which 
appears to hold almost umversally throughout 
nature has often been termed the “ rule of even 
distribution.” By even distribution is meant 
the spreading throughout the triglyceride mole- 
cules of the fatty acids m a manner which tends 
to be as uniform as possible. It should be noted 
that this is not the same thing as ” random dis- 
tribution,” ».6., distnbution according to the 
mathematical theory of probabihty; if the 
latter theory applied, indeed, the fats would 
contain m most instances higher proportions 
of the simple triglycerides than are m fact 


observed. The operation of the “ even distri- 
bution ” principle is jierhaps most readily 
expressed in the following way. If any one 
acid forms one-third or more of the component 
acids of a natural fat, that acid will occur at 
least once in nearly aU the triglyceride mole- 
cules; if it forms, for example, from 60--70% 
of the total acids, very many of the component 
triglyceride molecules will contain two radicals 
of the acid in question. On the other hand, if a 
particular acid is a minor component of a 
natural fat, amounting to perhaps 10% or less 
of the total fatty acids, it will of course not be 
present m all the triglycende molecules, and will 
only contribute one acid radical to any tri- 
glyceride molecule in which it is present. 

It follows from the preceding statement that 
if a fat contains, say, 35% or more of oleic acid, 
then this acid will be present in almost all the 
molecules of the fat glycendes — other words, 
as has been demonstrated experimentally, such 
fats contain only very mmor amounts of fully- 
saturated triglycerides. Similarly, in hquid 
fats such as olive oil,^linseed oil, and other hquid 
vegetable seed -fats, the acids of which in many 
cases consist very largely of oleic and bnoleic, 
with minor proportions of palmitic acid, all 
of the latter is present as monopalmitodiun- 
saturated glycendes, with the result that the 
proportion of oleo-hnoleo-glycendes is the least 
possible. 

This kind of evenly distributed type of natural 
mixed glycendes has been found to be present in 
almost all seed fats, solid or liquid, in many 
frmt-coat fats, in all manne-animal fats so far 
studied, and in all land-ammal body fats in 
which the saturated acids present are mainly 
palmitic, with only mmor proportions of stearic 
acid. The experimental evidence is most 
abundant in the case of sohd seed-fats, but the 
hquid seed-fats which have been so far examined 
also conform closely with the rule. It is also 
followed closely in many fruit-coat fats, but in 
this class a few mstances have been observed 
(especially palm oils) in which there is a tendency 
for the production of shghtly more tripalmitin 
and triolem than is consistent with complete 
adherence to ” even distribution.** Agam, those 
marme animal fats and land-animal body-fats 
low m steanc acid content which have been 
submitted to study by the quantitative methods 
have also been found to conform with the geneaal 
rule, whilst quahtative studies by Eibner, 
Suzuki, and others of the crystalhne bromo- 
additive products obtamable from the glycendes 
of linseed, soya-bean, whale, cod, herrmg, and 
some other oils lend full support to the view that 
the mixed glycendes of these oils are as hetero- 
geneous a mixture as possible. 

Many fats of the above types, containing not 
more than four major component acids, have 
now been studied experimentally and their chief 
component glycendes determmed with some 
degree of certamty. It has been found possible 
(Hilditch and Meara, J.S.C.I. 1942, 61, 117), by 
a simple calculation based on arithmetical pro- 
portioning of one component acid among the 
rest, and subsequent arrangement of the result- 
ing ^ups of acids into mixed glycendes, to 
obtain directly from the propo^ons of the 
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component acids in the fat a “ calculated *’ com- 
position for its component glycerides which 
approximates to that observed by experimental 
analysis. It is notable that this accordance is 
not forthcoming unless the unsaturated acid 
(usually oleic) present in largest amount is 
anthmeiically proportioned between the satu- 
rated and other acids of the fat. It is thus 
possible by an empirical calculation, based upon 
the fatty-acid composition of a fat, to predict 
with some likelihood of reasonable accuracy, 
when experimental determmations are lacking, 
the proportions of the chief component glycerides 
present. 

As previously mentioned, there are two broad 
groups of natural fats which constitute apparent 
exceptions to (or, more probably, modifications 
super-imposed on) the “ even distribution ** 
principle, namely, animal body-fats, such as 
tallows, which are relatively rich in stearic acid, 
and animal milk-fats, which include about 
20-26% of saturated acids of lower molecular 
weight than palmitic acid in their component 
acids. Broadly speaking, in all instances so far 
studied, the proportion of stearic acid or of 
lower saturated acids (as the case may be) 
seems to be closely connected with that of the 
oleic acid present, the sum of the latter and 
either of the former being of an approximately 
constant order. It has therefore been sug- 
gested that either of these forma of land-animal 
fats may arise by further modification of a pre- 
formed mixture of palmitodioleo- and similar 
glycerides built upon the usual “ even distri- 
bution ” principle. Partial saturation of such 
oleo-glycendes in the cases of depot fats, and 
transformation of such oleo-glycendes (by pro- 
cesses involving shortening of the oleic chain) 
in the case of milk fats, would account for the 
observed composition of the glycerides in these 
two classes of animal fats. 

The component glycerides of a range of pig, 
sheep, and ox body-fats of varymg stearic acid 
content have been determined experimentally 
(Hilditch et ah, Biochem. J. 1938, 32, 1776, 
1940, 34, 971, 1301 ; 1941, 35, 940). Since, as 
the result of the presumed bio -hydrogenation 
process, such fats contain much more fully- 
saturated tnglycendes than fats of similar fatty- 
acid composition built up purely according to 
the “ even distribution rule, the empirical 
calculation described above fails to give results 
accordant with those observed when it is based 
on the fatty acids of the whole fat; but, if 
allowance is made for the palmitic and steanc 
acids present as palmitosteanns (which can be 
approximately effected from a graph without 
actual determination of the proportion of fully- 
saturated glycerides) and the oleic acid of the fat 
IS then proportioned between the remaining 
palmitic and stearic acids, the proportions of 
oleopalmitostearm, palmitodiolein, etc., thus 
calculated agree very closely with the observed 
values. This modified form of calculation thus 
permits the chief component glycerides of lards 
and {allows to be approximately computed from 
the proportions of fatty acids in the whole fats. 

General Features of Component Acids 
in Different Types of Natural Fats.— 
The number of different acids combined m a 


natural fat varies from four or five in the 
simplest cases to as many as fifteen or twenty 
in the most complex fats. It is convenient to 
group the acids of any fat roughly into two 
categories, major and minor component acids. 
Such a grouping cannot bo rigid, but broadly 
speaking an acid which forms anything from 
about 10% upwards of the total fatty acids falls 
into the category of a major component acid. 
Minor component acids are those which form 
less than 10% of the total fatty acids (down to 
traces of the order of 0 2-0*3% in some in- 
stances). The chief utility of roughly dividing 
fat component acids into these two groups is 
that it then at once becomes evident that, in a 
great many instances, fats from organisms which 
have been grouped together by biologists on 
morphological or anatomical grounds share the 
same acids as major components. At the same 
time, in a number of other groups, one or 
more of the minor component acids may be 
markedly characteristic of the particular fats 
concerned. 

As detailed data for the fatty-acid composi- 
tions of fats have accumulated over a wide range 
of material, it has become more and more 
apparent that natural fata tend to align them- 
selves, by their component acids, in groups 
according to their biological origin. Moreover, 
it has become clear that the fats of the simplest 
and most primitive organisms are usually made 
up from a very complex mixture of fatty acids 
whereas, as biological development has pro- 
ceeded, the chief component acids of the fats of 
the higher organisms have become fewer in 
number. In the animal kingdom this change 
in type is remarkably consistent, and cul- 
minates, in the depot fats of the higher land 
mammals, in fats in which oleic, palmitic, and 
stearic acids are the only major components. 
In vegetable seed-fats, as a rule, similar 
simplicity 18 found m the major component acids 
which, in many families, are cotifinod to oleic, 
linolcic, and palmitic ; but here, in a number of 
other families, specific fatty acids occur which 
have been found nowhere else in nature. The 
systematic consideration of natural fat com- 
ponent acids is therefore best developed in 
relation to their biological sources, commencing 
with the fats of minute aquatic flora and fauna, 
proceeding to those of the larger aquatic denizens 
and then to those of the two broad groups of 
land fauna and land flora. 

Component Acids of Fats of Aquatic Origin , — 
All fats of aquatic origin contain a wide range 
of combined fatty acids, mainly of the un- 
saturated senes. The latter includb acids con- 
taming 14, 16, 18, 20, 22 and sometimes 24 
carbon atoms in the molecule, and are con- 
vemently denoted as unsaturated Cjg, Cgo* 
etc., acids. These unsaturated acids are present 
in varymg, but major, proportions and in 
different states of imsaturation. The unsatura- 
tion is greater with increasing chain-length: 
Ci8 acids may contain 4, Cjq acids 4 or 6, and 
C 22 acids 6 or 6 othenoid bonds (v, infra). The 
only major-component saturated acid is palmitic 
acid (10-20% of the total acids), with myristic 
and stearic acid often present as minor com- 
ponents. 
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Relatively marked differences exist in the 
proportions of the component acids in fats from 
fresh- water and from sea- water organisms, respec- 
tively. In fats from all fresh-water life, plant 
or animal, minute or large, the type appears to 
bo much the same, the component acids being 
relatively rich in unsaturated and acids, 
with low contents of unsaturated Cgo Q-’^d 
(especially) C22 acids. The unsaturated 
acids may form as much as 30%, and the un- 
saturated acids over 40-45% of the total 
fatty acids 

In the marine world, apart from the fats of 
manne diatoms and green algao (which, in the 
few cases reported, belong to the fresh- water type 
as regards their component acids), there is a 
marked difference 111 the proportions of the un- 
saturated component acids of fats as compared 
with those from denizens of fresh water In the 
fats of red and brown alga? and of marine 
plankton Crustacea the unsaturated C^g and 
C18 acids are less in amount, and the unsaturated 
Cgo and, especiallv% C22 acids considerably in- 
creased as compared with fits of fresh- water 
organisms This charactonstic difference per- 
sists as a g(‘neral background throughout almost 
the whole range of marine fish and mammalia, 
although it IS in turn subject to subordinate 
modifications in fats from different families 
Thus, in general, the fats of Telcoslid fish of 
which the chief fat-depot is the liver (e g , cod, 
hake, halibut, and many others) have somewhat 
less C20 and C22 acids (of somewhat less average 
unsaturation) than those of Teleostid fish of 
which the fat is mainly deposited in the flesh- 
1 issues {egy heiring, salmon, etc), in herring 
fat nearly half of the total acids may be made up 
of un saturated Cgo and C22 acids The salmon 
IS interesting in that its body fat alters pro- 
gressively from the “ fresh-water ” to the 
“ marine ” type as the fish develops from a 
purely fresh-water to a marine animal (Lovern, 
ihid. 1934, 28, 1955, 1901) In Ehismohranch 
hsh the liver fats may bo very similar to Teh- 
ostid li\cr-oils, or may contain unsaturated C20 
and C22 acids of even higher mean unsaturation , 
or again, in certain families the liver fats are 
accompanied by unusually large proportions of 
the glyceryl ethers (batyl, etc., alcohols, v 
infra) or by the hydrocarbon squalene, and in 
such cases it is invariably found that the un- 
saturation of all the acids in the glycerides is 
almost wholly monoethenoid, and that up to 
10% of a monoethenoid C24 acid is also present. 

Whale body-fats are very similai in general 
fatty-acid composition to many of the Teleostid 
fish oils, alt4iough the content of unsaturated 
C20 and C22 acids tends to be lower. Notably, 
the fats of Antarctic whales are relatively low 
in these acids and tend more to resemble in fatty- 
acid composition that of a freshwater fish It 
has also been observed that fish fats from 
southern oceans (New Zealand) often appear to 
resemble fresh-water fish-fats rather than the 
more general type of sea- water fish -fats in their 
component acids. 

Finally, the marine mammah<v are marked in 
( ertain instances by quite exceptional variations 
m the composition of their fats Thus the body 
and especially the head® cavity oils of the 


PhyseteridfB (sperm whales) consist only of 
30-35% of fats (glycerides), the remainder being 
ester-waxes formed by the union of cetyl 
(hexadecyl), olcyl (octadecenyl), and other 
higher aliphatic alcohols with higher fatty 
acids , the component acids, also, differ m type 
from the normal, unsaturated C22 aci^s being 
almost absent, and the unsaturation of the C^q 
and C18 acids being nearly all monoethenoid 
The body fats of the Delphinidm (porpoise, 
dolphin, white whale) also include a certain 
proportion of the above-mentioned ester-waxes, 
and are further notable (especially the fats of the 
head and jaw cavities) in that they contain 
large quantities of isovaleric acid combined in 
the form of mixed glycerides with the higher 
fatty acids (Lovern, ibid 1934, 28, 394). The 
occurrence of isovaleric acid in natural fats is 
quite exceptional, not only on account of its 
low molecular weight, but because it is the only 
knowm instance of a fat component acid con- 
taining an odd number of carbon atoms and a 
branelied carbon-chain (Other instances, how- 
ever, arc known amongst the wax acids of tuber- 
culosis and other bacilli waxes, e g , tuberculo- 
steaiic acid, lO-methvlstearic acid, 

Spielman, J. Biol Chem 1934, 106, 87). 

Component Acids of Fats of Land Animals — 
(a) Depot Fats — On passing from depot fats of 
aquatu to those of land animals there is mark(*d 
simplification in the composition of the mixed 
fatty acids Most of the unsaturated acids, 
except oleic acid, of the foimer class disappear, 
still b('ing present in some quantity in fats of 
amphibians and reptiles, and to a less extent 
in those of rodents and, perhaps, some birds , 
but in depot fats of the higher land-animals the 
proportion of highly unsaturated Cgo C22 
aci(is IS 1 educed to about 1% of the total acids, 
whilst that of unsaturated C^g (hexadecenoK ) 
acid reaches a minimum at about 3% In con- 
sequence, in the higher land -animals the most 
abundant component acids are always the mono- 
ethenoid oleic and the satuiated palmitic acid, 
the latter being present in much larger quantities 
than in aquatic animal fats and approaching a 
more or less constant figure in the region of 
about 30% in the depot fats of widely diffeicnt 
animals such as rat, rabbit, pig, ox, sheep 
horse, etc The final result is that m most of 
the higher land-animals the major component 
acids of the depot fats are restricted to oleu*, 
palmitic, and stearic, and, moreover, that about 
60-65% of the acids belong to the senes, 
unsaturated or saturated The major saturated 
component palmitic acid is usually accompanied 
by subordinate amounts (1-5%) of myristic acid 

In some groups of animals there is marked 
tendency to produce stearic as well as oleic acid 
in the depot fats, but in such cases the sum of all 
the Cjg acids present remains approximately 
constant at between 60 and 65% of the total 
acids. It IS in these ‘fats alone that, in the com- 
ponent glycerides, a departure from the general 
rule of “ even distribution ” has been observed 
(v. supra), and that usually large proportions 
of fully-saturated glycerides (palmitostearinsj 
are found. It seems {irobable that m these 
animals a mixture of palmito-oleo-glycerides or 
tri-olein initially synthesised may bo partly 
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reduced by a bio -hydrogenation process to more 
saturated products. 

The progressive changes observed in the 
contents of palmitic, stearic, and unsaturated 


Ci6, CiQ, C 2 o» fl'^d C 22 acids over a wide range 
of animal depot fats are illustrated by data 
taken from the observations of various in- 
vestigators and collected in Table I. 


Table I. — CoMPO^ENT Acids (wt. %) of Typical Animal Depot-fats. 


JL 



Saturated 

Unsaturated 

C16 

C18 

C,6 

C18 

C20 

C22 

Fish, fieah-watci 

Ll-15 

1-2 

20 30 

40 -45 

10-12 

0-5 

Fish, marine 

12-1.> 

1 2 

1.5-18 

27-30 

20 -25 

8-12 

Whales 

12-15 

1-2 

15-18 

35-40 

1 5-20 

5-10 

Frog 

11 

3 

15 

52 

1 

5 

Tortoise 

14 

4 

0 

05 


7 

Lizard 

IS 

7 

10 

50 


5 

Domestic fowl 

25-26 

.5-7 

0-7 

ca 00 

0 5 

-1 

Hat 

24-28 

2-3 

7-8 

ca 00 

0 3 

-0 5 

Bear 

26 

3 

10 

51 


2 

Kangaroo 

20 

14 


48 


3 

Cat 

26 

J7 

4 

43 



Lion 

20 

18 

2 ! 

40 


3 

Horse 

2.S-20 

5-7 

9 

04-07 


> 

Pig 

25 20 

10 10 

2-3 

50-05 

0 3 

-1 

Ox 

27 30 

13-25 

2-3 

40-50 

0 2 

-0 5 

Sheep 

24 -28 

14-28 

1 2 

40 50 

0 5 

-1 

Baboon 

10 

0 

4 

07 

0 

5 


It Will be soon that quahtatncly the com- 
ponent acids of land-animal fats arc an un- 
usually sim^ile mixture and, iuither, that up to 
the present no sti iking depart utes from the 
normal have been observed such as are en- 
countered m inarmc-animal fats (e g , isovaleric 
glycerides in Delphrnidfe fats, etc , v sujna) oi 
in vegetable seed fats, wheio fiequontly quite 
specific and unusual higher fatty acids make 
their appearance {v 'infra). The oleic acid of 
animal depot fats is usually accompanied by 
relatively small pioportions of diethenoid 
octadecadienoic acid, Ci 8 Hg 202 , which howexer 
in most cases is not identical with the linoleic 
Held of seed fats, but may probably be a geo- 
metrical isomer of the latter, since the un- 
saturation appeals to be located in the 9 10 and 
12 13 positions 111 the carbon chain. 

All the abo\ e data for animal depot-fats refer 
as far as possible to animals which have received 
their natural diet, herbivorous or carnivorous, 
but in most cases comparatively low in fatty 
matter. By far the greater part of the depot 
fat* therefore emanates from fat synthesised 
from carbohydrate or protein by the animal. 
It should of course bo borne in mind that, in 
addition, most animals are able to ingest fats 
from fatty diets, and to assimilate and lay down 
m their fat depots many of the specific mixed 
glycerides which may be present in the dietary 
fats. Thus it has been notably shown that pigs 
are able to utilise as depot fat much of the fatty 
oils present in vegetable seeds on which they 
may bo fed (e/., e g , Ellis et al , ihid 1926, 69, 
239; 1930,89,185, 1931,92,385). 

(b) Liver Fats , — The liver is probably the mam 
centre of animal-fat metabolism and the com- 
position of liver lipids is thus of considerable, 
although not to any great extent industrial, 
interest. Both glycerides and phosphatides are 
found in animal livers and in the higher ammals 
the component acids of both kinds of liver lipid 


differ considerably from those of the corre- 
sponding depot or body fats In the lower land 
animals (e q , amphibians and reptiles) the liver 
glycerides and phosphatides are very similar to 
their depot fats (v. supra)^ so that the com- 
ponent acids bear considerable similarity to 
tho.se of fats of wholly aquatic origin, but have 
k\ss of the unsaturated Cgo and C 22 members, 
and to some extent of unsaturateci Cjq acids, 
compensated by a content of about 50-65% of 
unsaturated Cjg acids 

In the pig, ox, and sheep the liver glycerides 
differ m composition both from the liver phos- 
phatides and the corresponding depot fats, but 
the two classes of liver lipids share the character- 
istic of fairly high contents (10-25%) of highly 
unsaturated Cgo »ind C 22 acids of the marine- 
animal oil typo. All the liver glycerides of 
pigs, ox, and sheep have as component acids 
about 22-30% palmitic, 5-20% stearic, 8-10% 
hexadecenoie, 40-48% unsaturated Cjg (chiefly 
oleic), and 8-15% unsaturated Cgo and C 22 
acids, the corresponding liver phosphatides 
have, on the other hand, less (12-20%) palmitic, 
more (15-30%) stearic, about 5% hexadecenoie, 
30-40% unsaturated Cjg (with more diothenoicl 
acid than in the liver glycerides) and more 
(18-25%) unsaturated C-o and C 22 acids. 

Although the animal fiver -fats have perhaps 
relatively httle technical interest a^ fats, they 
are important as natural sources of vitamins- A 
and -D, Some fish-hver oils (especially cod- 
hver oil) are used medicinally for this purpose, 
wdiilst others (halibut-, whale-, soupfin shark-, and 
perhaps to a slight extent ox- and sheep -liver 
oils) are unusually high m vitamin- .4 and/or -Z) 
content and are worked up into vitamin con- 
centrates, which serve both for increasing the 
vitamin potency of medicinal oils and for pro- 
viding \ itamins for addition to marganne, thereby 
making the latter equivalent in value to natural 
butter. 




8 


OILS (FATTY) AND FATS. 


(c) Mammalian Milk Fata, — ^There is not so 
wide a range of detailed data hero as for the 
depot fats. The component acids of whale 
milk-fat are almost quantitatively the same as 
those of its body fat, and there is reason to 
think (from the general analytical character- 
istics, which are the only data available) that 
the same may hold good for many of the land- 
animal milk-fats, such as those of the pig, dog, 
cat, and human milk-fat {cf p 286) In other 
groups of land animals, more especially the 
ruminants, the C^g acids form a lower propor- 
tion of the total acids than in the correspondmg 
depot fats, the differences being approximately 
balanced by the appearance of members of the 
lower saturated fatty acids (C^q* Cg, Cg and 
most notably butyric acid) In the latter type 
of milk fat the component glycerides exhibit 
differences in structure from those of all other 
natural fats exactly similar to those shown by 
the stearic-rich animal body-fats (v supra). 

Of the milk fats in which the lower saturated 
acids are prominent, those of the cow and 
buffalo contain most butyric acid and hexanoic 
acid, the respective proportions amounting to 
about 4% and 2% (by weight), or 10% and 4% 
(molar). In sheep and goat milk-fats, the mam 
lower acid present is decanoic (capric), W'hich 
forms about 8% (wt ) or 10% (molar) of the 
total acids, and there is also present about 2-3% 
(wt.) each of butyric, hexanoic, and octanoic 
acids In some other milk fats the relative pro- 
portions of the four lower saturated acids are 
much the same as in cow milk-fats, but the 
amount of each may bo only half, or less than 
half, of that present in cow milk-fats Milk fats, 
like that of the cow, which contain relatively 
largo proportions of the lower saturated acids, 
also contain minor amounts of lower mono- 
ethenoid acids with the unsatui ation m the same 
position as in oleic acid, from J‘khexa- 

decenoic, CigHgoOg (about 3%) to d'-^-deccnoic, 
^10^18^2 (s-hout 0 2%) 

Component Acids of Vegetable Fats — It has 
boon pointed out that the simplest forms of 
vegetable life (plankton, etc ) produce fats of 
similar complex and unsaturatod natuio to the 
rest of aquatic (animal) organisms, simple or 
highly developed From the restricted data 
available, it seems that a somewhat similar type 
of fatty-aeid mixture, especially rich however in 
J®-hexadoconoic and oleic acids, is met with in 
the fats of many bacilli, of yeast and of the 
spores of cryptogams. As in the animal king- 
dom, hoxadecenoic acid appears to persist 
throughout all vegetable fats, but in those of the 
seeds or fruit- coats of the more developed land 
plants it rarely amounts to more than about 
0*5% of the total fatty acids. 

The component acids of seed and fruit- coat 
fats of members of many plant families have been 
studied in greater or less detail and relatively 
much more information is at present available 
in this group than in most of the other realms 
of vegetable or animal life. As in animals, the 
most striking feature of the fats of land flora 
18 great simphfication m their component fatty- 
acid mixtures as compared with those of 
aquatic flora. As in land animals, palmitic 
and oleic become the most consistently promi- 


nent components ; but a third acid, Imoleic (di- 
ethenoid) must be added as a component which 
18 so frequent as to bo definitely characteristic 
for fats of land flora. Linoleic and the related, 
and still more unsaturated, hnolenic acid are the 
typical constituents of the widely distributed 
class of “ drymg ” seed oils. 

Frmt-coat (pericarp, etc.) fats contiSln (so far 
with only one or two possible exceptions) 
palmitic and oleic acids as the only major com- 
ponents, irrespective of the plant family in 
which they occur; linoleic acid is also fre- 
quently present, but most often only m minor 
quantities. Fruit- coat fats exhibit a wide range 
of physical consistency, from the very hard 
Japan wxaxes or Chinese vegetable tallows 
through soft fats such as palm oil to fats, liqmd 
at the ordinary temperature, such as olive oil. 
Their consistency is determined almost entirely 
by the relative proportions of palmitic and oleic 
acids present thus Japan wax contains nearly 
80%, and Chinese vegetable tallow about 65%, 
of palmitic acid, whilst palm oils contain about 
40% each of palmitic and oleic, with up to 10% 
of linoleic acid, and the liquid olive-oil has 
amongst its component acids 75-80% of oleic, 
with only about 10% of palmitic and about 7% 
of hnoloic acid 

Seed-fat component acids show a pronounced 
tendency to be, at least qualitatively, mixtures 
of the same acids throughout the same botanical 
family , but some botanical families produce 
seeds, the fats of winch contain one or more 
acids wdiich are found m no, or at most few, 
other families. This statement, although sub- 
ject to occasional exceptions, has been found 
increasingly, with the collection of more and 
more data, to be broadly true for the seed fats 
of all land plants In many seed fats, it is true, 
the mam component acids are confined to 
palmitic, oleic, and hnoleic in varymg propor- 
tions, frequently, in these cases, seed fats of 
the same f.imily exhibit considerable resemblance 
in the relative proportions of these three acids. 
Thus, seed fats of the Malvaceae and Bomhacaceae 
are usually high m palmitic acid content (20- 
25%), and also often contain about 50% of 
hnoleic acid ; the component acids of Gramineoe 
seed-fats are usually made up of about 10-15% 
of palmitic, 30-60% of oleic, and 60-30% of 
hnoleic acid. Lmoleic acid is prominent in 
many coniferous seed fats, in those of the larger 
dicotyledonous trees and shrubs, and in shrubs 
and herbs of Rosaceae, Compositae, Labiatae, 
Linaceae and a number of other familiar and 
widely distributed plant famihes. 

On the other hand, m many other families 
(and m this respect land plants differ from all 
other natural sources of fats) the seed fats 
include as major components a fatty acid (or 
acids) different from any of the above. In the 
saturated seiies, members of all the “even- 
numbered ’’ acids from decanoic (capric, C^o) to 
tetracosanoic (hgnoceric, C 24 ) are encountered 
as major components of one or other type of 
seed fats. Furthermore, similar cases are en- 
countered in which a wide variety of unsaturated 
acids, differing in carbon content or in degree 
of unsaturation from the typical oleic acid of 
fats, occur specifically m certain groups of seed 
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fats. Whilst most of the saturated acids always to the seed fats of a single family or, 
referred to are found, at least as minor com- sometimes, of only one genus or even species 
ponents, in some kinds of animal fats, the seed- within a botanical family. The distribution of 
fat unsaturated acids are restncted entirely to these specific acidic components in seed fats is 
the vegetable kingdom and, indeed, almost illustrated in Table II. 

•» Table II. — Occurrence of Specific Component Acids in Seed Fats 


Saturated acids 

Caprylic (Octanoic), C8H16O2 
Capric ( Occanolc), C10H20O2 . 

Laurie, C12H24O2 * . . . 


Myristic, C14H28O2 


Stearic, C18H36O2 . 


Arachidic, C20H40O2 


Jlelienlc, C22H44O2 
Lignocerie, C24H48O2 


(a) Monocthenoid — 

J®-Tctiadcccnoic, C14H26O2 

Je-Octadccenoic (Pctrosclinic), C18H34O2 


Jii-Eicoscnoic, C20H38O2 
Ji 3 .Docoseiioic (Erucic), C22H42O2 


Ji 7 -Hexacoscrioic (Ximenic), C26H30O2 

j 2 i.Tncoscnoic (Lumcquic), C30H38O2 

(6) Hydroxy-monocthonoid — 

12-11 vdroxy- J ^-octadecenolc (Ricinoleic), 
C18H34O3. 

(c) Ethynoid (or ethcnoid-cthynoid) • 
J‘»-Octadccinoic (Tariric), C18H32O2 

Octadeca-d i 7 .en-di-yiioic (Erythogonic), 

C18H26O2 

( 4 ) Cyclic mono- or di-ethenoid : 

Hydnocarpic, C16H28O2 I 

Chaulmoogric, C18H32O2 > . 

Gorlic, C18H30O2 J 

(e) Tri- and tetra-ethenoid . 

(1) Non -conjugated : 

J 9 , 12, 1 s-Octadccatrienoic (Linolcnic), 
C18H30O2. 


Je, 9^ i 2 . 0 ctadccatricnoic, C18H30O2 
(li) Conjugated * 

11, n-Octadecatrlenoic (Elaeostearic), 

C, 8 H 3 o 02 


4 -Keto-j 9 » i 3 . 0 ctadecatrienoic (Licanic), 

, C, 8 H 2 s 03 . 

J 9 , 11, 13 , 15 -Octadecatetraenoic (Parlnaric), 
C18H28O2. 


Occurrence in seed fats 

PalmcB (minor component) 

Elm ( Uhnacece, inaior component ; Palmos^ 
JjauracecBy SalvadoracecB (minor component). 

Laurace(By Palmoe, SalvadoracecBy Irvxngia sp 
(Simarubaceie), Kiro/asp (Myristicaccaj) , (major 
component in varying amounts) 

Although present m minor amounts in very many 
seed fats, accompanying major proportions of 
palmitic acid, myristic acid is only a major com- 
ponent in My nsticacecBy SalvadoracecBy Irvingia 
sp (Simanibaccaj), and Palmcp 

Although present in minor amounts 111 many seed 
fats, accompanying major proportions of 
palmitic acid, stearic acid is ohly found ns a 
major component in seed fats of a few tropical 
families : OuttifercBy SapotacecCy Stercuhaceccy 

DipterocarpacecB 

Minor, but characteristic component in many 
Leguminosce seed fats especially Arachu and Sooa 
sp , trace component m many other seed fats , 
major component m Pentaclethra sp (Legumi- 
nostT) and Sapmdacem, 

Minor, bill characteristic component in Arachis sp. 
(LegumlnossB) and in Morxnga sp (Moringaceao) 

Minor, but characteristic component in Amc/m sp , 
So)a sp , and other leguminous seed fats , trace 
( omponent in many seed fats , major component 
in Adenanthera pavomna ( Leguminosic) 

Pycnanthus kombo (Myristicacese). (Major com- 
ponent ) 

’Major component in all seed fats of Umbelhfercp 
and Arahacece ; and of Picrasma quassxoxdes 
(Himarubacea*) 

Major component in seed wax of Simmondsxa calx- 
fornxca 

Major component in seed fats of Cruciferaa. 
Tropceolum sp and Simmondma calxfornxca (seed 
box) 

Major component in seed fat of Xxmenxa amen- 
cana 

Minor component in seed fat of Xxmenxa amerxeana. 


Major component in Picxnus sp and Agonandra 
brasilxemxs (Olacaccse) 


Major component in Pici amnia sow and other sp. 
(Simanibaceie) 

Major component in Ongokca sp (Olacacea'). 


Major components of Ilydnocarpue anthelmxntvcay 
H kurziiy H xmghtxanay Oncoba echxnata and 
some other species of the family FlacourtiacecB. 


Major component in Perilla and Salvia spULabiatec), 
in Innus sp (Linaceae), Cannabis sp (Moracese), 
some Pinus sp (Comfene), Juglans regia (Jug- 
landaceie) and some other seed fats ; minor com- 
ponent in PapaveracecBy some Leguminobce (e g,, 
So3a hispxda) and other seed fats 
In (EnoViera biennxs ((Enothcracea)). 


Major component in Aleurites tordiiy A moniana, 

A cordatay and A trispermay Ricinodendron sp 
(Euphorbiacefle) ; Telfaxna ocevdentalu (Cucur- 
bitace®) ; Parinarium macrophyllum (Rosace®) 
Major component in Licanxa ngida and Parinarium 
sherbroense (Rosace®). 

Major component in Parinarium laurinium and P. 
glaberrxmum (Rosace®) 
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Although the orcurrenec of specific (especially 
unsaturated) fatty components places many of 
the families of land flora apart from the rest of 
nature as regards their fat types, it is clear that 
the incidence of these unusual features runs on 
the whole closely parallel with the groups into 
which morphologists have placed the parent 
])lant 8 . Throughout the seed fats it is evident 
that the fatty acid mixtures present are closely 
connected with, and dependent upon, differences 
in biological Hp63cios At present this must be 
legarded as a broad gonerahsation, susceptible 
to extension and modification as more data and 
fats arc accumulated 

It should be noted that natural fats must be 
liquid, or approximately so, at the temperature 
of the living organism in whuh they are pro- 
duced or stored. Consequently the more 
saturated seed-fats, which are solid at the 
ordinary temperatuic of the temperatuio zones, 
are not produced in seeds indigenous to the latter 
climates, but only m sub-tropnal oi tropical 
regions where, in fact, they exist practicaHy in 
the liquicj state at the pi evading temperatures 
It has freciuently been stated that unsaturation 
tends to be grc*atei in sc'cd fats as the latter are 
produc'od in cooler regions (further from the 
(‘quator) This is a confusion of ideas, for the 
non-occurrence of relatively saturated fats in 
(‘ooler climates is simply the consequence of 
what has bc'cn pointed out m the preceding 
sentences, whilst the convciso is not true many 
seed fats of high unsaturation occur m plants 
which grow only in tropical regions, or are 
( apable of growth in both hot and cold ebrnates. 

I n particular, the high degree of unsaturation of 
species of AleunteSy Heveay Perillay Ltcamay and 
Parinariim, to mention only a few tropical or 
sub-tropical seed fats, is only paralleled else- 
where in nature by the highly unsaturated Cg© 
and C 22 acids which are found most abundantly 
in cold-blooded aquatic-animal organisms. 

At the same time, in those plants (e g , flax) 
which thrive in eithoi hot or cold climates, 
Ivanow (Ibill. Applied Botany, Leningrad, 
1922-23, 13, No 2) and others have shown by 
systematic experiments that when the plant is 
grown in a cold region higher proportions of the 
rnoio unsaturated component acids character- 
istic of the particular seed -fat are produced than 
from seed produced in a hotter climate. 

Structure of Individual Natural 
Fatty Acids. 

The distribution of individual fatty acids 
throughout* the natural fats will be apparent 
from the discussion of their component acids in 
the preceding paragraphs. Some notes may 
usefully bo inserted at this point on structural 
and other features of the mdividual acids which 
merit attention. 

Of all the natural fatty acids, two may be 
singled out as most widespread and character- 
istic : the monoethenoid oleic acid, CjgHg^Oo, 
which 18 probably present m all natural glyeende 
mixtures of vegetable or animal origin, and 
which must be regarded as a major component 
acid in the great majority of natural fats ; and 
the saturated palmitic a^id, C^gHggOa, which 


IS similarly present, albeit generally in lesser 
proportions than oleic acid, in practically all 
known natural fats In a considerable number 
of the more unsaturated seed fats palmitic acid 
may form only from, say, 2-5% of the total 
acids, but it IS extremely rare to find it absent 

Other acids which are almost as ubiquitous 
as palmitic and oleic acid, but which ?.ro most 
frequently very minor components of natural 
fats, are the saturated myristic (Ci 4 H 2 g 02 ) and 
stearic (^18^36^ 2 ) acids, and the mono- 
ethenoid hexadeconoic or palmitoleic acid, 
CigHgoOg. As already indicated, in certain 
groups of seed fats mynstic and stearic acids 
also appear as specific major components, whilst 
hexadeccnoic acid is similarly a major com- 
ponent of most fats of acjuatic origin and fats 
of the more primitive land vegetable and 
animal organisms All the remaining natural 
fatty acids, saturated and unsaturated, may be 
considered to be specific types which occur in 
fats of particular, and frequently quite restricted, 
groups of vegetable or animal species 

Saturated Fatty Acids. 

As already indicated, the fatty acids of natural 
fats are straight-chain members of the aliphatic 
series, wuth the general formula C„H2,i02 (or 
Cn-lHsn-i COOH), w'here n is an even integer 
(fiom 4 to 24). The plant waxes contain still 
higher members of the same senes, from 
^26*^52^2 CggHygOg, usuRlly mixtures of 
two or three consecutive members of the “ even- 
numbered ” scries, with one acid predominating. 
The straight-chain structure of the higher acids 
from CjQ to C 30 has been established by X-ray 
spectrum analysis (Muller and Shearer, J C S 
1923, 123 , 2043, 3156; Piper, Malkin, and 
Austin, thid 1926, 2310 ; Chibnall, Piper et al , 
Biochem. J. 1934, 28 , 2175, 2189) All the 
saturated n-aliphatic acids have been prepared 
synthetically, proceeding from a low^er member 
(Cn) to the next higher (C^fi), up to 71 -hexatri- 
aeontanoic acid, CggH^gOg (Cig-Cg©* Levene 
and Taylor, J Biol. Chem. 1924, 59 , 905 , 
Cgg-Cgg, Francis et aLy Proc. Roy Soc. 1937, A, 
158 , 691; JCS. 1937, 999) More direct 
syntheses of lauric, mynstic, palmitic, and 
stearic acids were not achieved until 1936, when 
polyene aldehydes (CHg [CH CHJg CHO and 
CHgLCH CHl^CHO) were obtained by con- 
trolled polymerisation of crotonaldehyde, rfiid 
were reduced to dodecyl and hexadecyl alcohols, 
which in turn yielded by oxidation lauric and 
palmitic acids Condensation of the polyene 
aldehydes with malonic acid gave further pro- 
ducts which, after hydrogenation and decar- 
boxylation, furnished respectively mynstic and 
stearic acids (Kuhn, ibid. 1938, 605). 

The melting-points of the chief natural solid 
saturated acids are capric 31*3°, lauric 43 5°, 
mynstic 54 4°, palmitic 62 9°, stearic 69 6°, 
aracludic 75 4®, bchenic 80 0°, and hgnocenc 
84 2®. The stable (j3) forms of simple tri- 
glycerides (tnlaurm, etc.) melt in general about 
2® higher than the corresponding fatty acids. 

Unsaturated Fatty Acids. 

With the exception of the few cychc ethenoid 
acids and of hydroxyoleic or ncmoleic acid, all 
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tho naturally occurring unsaturated acids are 
converted by hydrogenation into the w-ahphatic 
acid of the same carbon content, thus demon- 
strating their straight- chain constitution. Oleic 
and linoleic acids, the most abundant of the 
natural unsaturated fatty acids, have been 
shown to (jpcur in nature in the ci 5 -form. The 
corresponding fraw^-geometrical isomers can be 
produced from them by chemical means, but 
have not been met with in any natural fat. It 
IS probable, although not yet demonstrated in 
every instance, that the numerous other ethy- 
lenic acids of natural fats also occur pre- 
dominantly in the less stable or ci/?-modifica- 
tions Svntheses of the unsaturatcd acids of 
natural fats have to date only been effected m 
the cases of oleic, linolcic, and chaulmoognc 
acids. 

Oleic Acid, c/s-J®-octadecenoic Acid, 

CHafCH^], CH CH [CHgl/COOH. 

Naturally, in view of its abundant occurrence 
and simple degree of unsaturation, much more 
study has been given to oleic than to any other 
nnsaturated higher fatty acid Bnof reference 
to its chief reactions will serve to illustrate the 
methods which are common to the study of 
oleic acid and its many analogues. 

Oleic acid exists in two crystalline forms, 
melting-points lespectively 13° and 16° It may 
be purified by crystallising its barium salt from 
benzene containing 5% of alcohol or, better, its 
lithium salt fiom 80% alcohol Alternatively, 
the acid itself may bo crystallised from acetone 
at about —40°, admixed saturated acids being 
first separated from the solution at —20° 
(Biowm, J Amor. Chem Soc. 1937, 59, 6). 

On treatment with oxides of nitrogen at room 
temperature, or with a small proportion of sul- 
phur or selenium at 200° or above, oleic acid is 
converted into an equilibrium mixture consisting 
of about 34% of oleic acid and about 66% of the 
(geometrically isomeric fra ?i5-modification, elaidic 
acid, m p 44°. Esters (including glycerides) of 
cither acid are transformed under these con- 
ditions to ecpiilibrium mixtures in which the 
claidic form comprises about two-thirds of the 
total acid present. Analogous behaviour is 
shown by other naturally occurring unsaturated 
bighjjjr fatty acids Evidence of various kinds, 
chemical and physical, leads to the conclusion 
that oleic and elaidic acids are respectively the 
''IS- and frans- forms of J®-octadecenoic acid; 
the physical evidence includes that deduced 
from X-ray spectra (Muller and Shearer, Zc.), 
from infra-red and Raman spectra (McCutcheon, 
Crawford, and Welsh, Oil and Soap, 1941, 18, 9), 
from studies of unimolocular films on water 
(Marsden and Rideal, J.C.S 1938, 1163 ; Harkins 
ind Florence,. Nature, 1938, 142, 913), and from 
the systems formed with mixtures of either acid 
with stearic acid (Mascarelli, Atti. R. Accad. 
Lincei, 1914, [v], 23, li, 683, etc ). 

The position of the ethenoid bond (J*) was 
first established in 1894 by Baruch (Ber. 1894, 
27, 172) by a somewhat complicated sequence 
of reactions.* More recently it has been con- 
firmed by oxidative scission of oleic acid mto 
n-nonanoic and azclaic acids by means either 


of ozone or of anhydrous potassium perman- 
ganate m acetone. Either or both of the latter 
methods have been used to establish the struc- 
ture of most of the other unsaturated acids of 
natural fats 

Oleic acid was partly synthesised in 1925 by 
G. M. and R. Robinson (J.C.S. 1925, 127, 175), 
who ofifoctod a complete synthesis of 10-keto- 
stearic acid from acetoacetic ester, and also 
converted the acetylenic stoarolic acid into olcic 
acid, but were unable to convert 10-ketostearic 
acid mto the ethynoid acid ; a complete syn- 
thesis of the cis-trava equilibrium mixture of 
oleic and elaidic acids was accomplished later 
by Noller and Bannerot (J. Amer. Chem. Soc. 
1934, 56, 1563), starting from 9-ohlorononyl 
aldehyde, and by Baiidart (Compt. rend. 1943, 
217, 399), starting from l-mothoxy-6-bromo- 
hoxano and 1 -ethoxy- l*2-dibromo-w-docane 
Noller and Girvm (J Amer. Chem. Soc. 1937, 
59, 606) subsequently carried out a similar 
synthesis of linoleic acid, which, however, was 
accompanied by other isomeric forms of octa- 
decadienoic acids. 

Like other long-chain unsaturated acids, 
oleic and elaidic acids unite additively with 
bromine to give two different dibromosteanc 
acids, each of which on debromination with zinc 
reverts to the acid from which it was produced. 
On mild oxidation, isomeric 9 lO-dihydroxy- 
stearic acids are produced * oleic acid yields a 
dihydroxy-acid, m p. 132°, with aqueous alkaline 
permanganate, but an isomeric acid, m p 95°, 
when the oxidant is an acyl derivative of 
hydrogen peroxide (Caro’s acid, poi acetic or 
perbcnzoic acids , in tho latter case an oxido- 
stcaric acid is also formed). With elaidic acid 
the respective oxidising agents lead to pro- 
duction of the opposite acids, t e , respectively 
those melting at 95° and 132° Tho stereo- 
chemical relationships underlying these trans- 
formations (in some of which a “ Walden 
inversion ” must take place) at present give rise 
to some conflict of opinion. Either 9.10-di- 
hydroxystearic acid, on further oxidation with 
dilute alkaline permanganate, is broken down 
into n-octanoic, oxalic, and suberic acids (in- 
stead of n-nonanoic and azelaic acids). 

Other CIS- and Zmrw»-modifications of tho 
higher monoethenoid fatty acids exhibit 
exactly similar behaviour to oleic and elaidic 
acids in their reactions with dilute alkaline per- 
manganate and with acidic derivatives of 
hydrogen peroxide, yielding similar pairs of 
racemic forms of optically isomeric dihydroxy- 
fatty acids. 

Other chemical changes characteristic of oleic 
and related unsaturated fatty acids will be 
considered later (pp 47a, 516) when discussing 
the action of various agents (e gr., atmospheric 
oxygen, sulphuric acid) on natural fats. 

Natural Monoethenoid Higher Fatty 
Acids. — The majority of these require little 
separate treatment, their occurrence in natural 
fats having already been indicated in a pre- 
ceding section. It is useful to tabulate them 
here according to certain coincidences m their 
general chemical structure, which are worthy 
of notice although their precise significance is 
not apparent. , 
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(a) Monoethenoid acids of the general formula R*CH;CH [CH2]7*COOH. 


Composition. 

CjoHigOi 

C 12 H 22 O 2 

C 14 H 26 O 2 

C 16 H 30 O 2 

C18H34O2 

C20H38O2 


Acid. 

A 9 -Decenoic. 

A ^-Dodeccnoic 

A ’-Tetradecenolc, myristoleic 
j 9 -HexaUecenoic, palinitoleic, zoomaric. 
j 9 -Octadecenoic, oleic. 

A ^-Eicoscnoic, gadolcic. 


Structural formula. 

CH 2 CH [CH 2 I 7 COOH 
CH 3 CHz CH CH [CHzIt COOH 
CH 3 [CHA3 CH.CH [CH 2]7 COOH 
CH 3 [CHiL CH CH [CHAi COOH 
CH 3 [CH217-CH.CH [CHWl? COOH 
CH 3 [CH 2 ] 9 *CH CH [CH 2]7 COOH 


Of the above acids, all those below C^g are 
found, as has boon observed, in some milk fats. 
Myristoleic, palmitoleic, and gadoleic acids are 
characteristic components of fish fats, and 
palmitoleic acid, it has already been pointed out, 
occurs in almost all fats, although in very small 
proportions in most of them (other than those 
of aquatic ougin). 


The existence of hexadecenoic acid has been 
recognised m fish oils for very many years ; it 
has been variously termed palmitoleic and 
zoomaric acid at different times, and its con- 
stitution as J ^-hexadecenoic acid was not 
determined until 1925. Similarly, the structure 
of gadoleic acid, first noticed in cod-liver oil in 
1906, was not determined until 1933. 


( 6 ) Monoethenoid acids of the general formula CH3*[CH2]7*CH.CH [CHgVCOOH. 


Composition 

C14H26O2 

CigH3402 

C 20 HJ 8 O 2 

C 22 H 42 O 2 

C 24 H 46 O 2 

C 26 H 50 O 2 

C30H58O2 


Acid 

A 5 -Tetradecenoic 
j 5 -Octadecenoic, oloic 
Jii-Eicosenoic 
Ji 3 .Doco 8 enoic, erucic 
idi 5 -Tetraco 8 cnoic, sclacholeic 
id 1 7 -Hcxacoaenoic, ximcnic. 

A 2 1 -Tncosenoic, lumequic 


Stniotiiral formula 
CH3 [CH 217 CH CH [CH2]3 COOH 
CHj [CH2]7 CH CH [CH2]7 COOH 
CH3 [CH2]7 CH CH [CH2]9 COOH 
CH3 [CH2]7 CH CH [CH2 ]ii COOH 
CH3 [CH2]7 CH CH [CH2]i3 COOH 
CH3 [CH2]7 CH CH [CH2]i5 COOH 
CH3 [CH 2]7 CH CH [CH2]i9 COOH 


J '•-Tetradecenoic acid is present in sperm- 
head oil, and selacholeic acid m some shark and 
other Elasmobranch fish acids, and also in brain 
corebrosides ^nervonic acid, Klonk). Erucic, 
ximonic, and lumequic acids are purely seed-fat 
acids, and a form of J^-tetradecenoic acid occurs 


in a few Japanese seed-fats of the Lauracese ; the 
C 2 e ftnd C,o acids have so far only been reported 
in seed fat of one species of plant. The 
eicosenoic acid has only been encountered in the 
seed wax of Simmondsia califormca» 


(c) Monoethenoid acids of the general formula R CH.CH [CHglg COOH. 

Composition Acid Structural formula 

C18H34O2 Jii.Octadccenoic, vacccnic CH3 [CHab CH CH [CH2]9 COOH 

C22H42O2 jH.Docosenoic, cetolcic. CH3 [CHA9 CH CH [CHA9 COOH 


This group, in which the J^^-eicosenoio acid 
in (6) also belongs, is a small one, and all throe 
acids are specific in occurrence. Vaccenic acid 
18 a solid isomer of oleic acid which accompanies 
the latter in small quantities in the depot and 
milk fats of cows and sheep ; Bertram, who dis- 
covered it, attributes to it the structure of a 
J 11-acid (Biochem. Z. 1928, 197, 433). Cetoleuc 
acid 18 the form of monoethenoid Cgg acid 
which occurs in small proportions in most fish 
and other marine animal fats ; its structure was 
determined by Toyama (J. Soc. Chem. Ind. 
Japan, 1927, 30, 597). 

(d) Cyclic (cycloPentenyl-) mono- and d%~ 
ethenoid acids. 

A small group of acids, characterised chemi- 

Composition. 

Cl 6^2802 
Ci8H3a02 
C 18 H 30 O 2 


One carbon atom in the cyc/opentenyl 
group is asymmetric, and all the natural acids 
mentioned are strongly dextrorotatory ([aj^ 
4-56® to 4*68®). The chemical constitution of 
chaulmoogrio and hydnocarpio acids was out- 
hned by Power and Barrqwcliff (J.C.iS. 1905, 87, 


cally by the presence m the fatty acid chain of a 
cycZopentenyl ring-system 

CH 2 

CH, CH— 

I I 

CH=^CH 

% 

is found in quantity m the seed fats of Hydno- 
carpus and a few other genera of the Flacourti- 
acese. Those fats have specific therapeutic value 
m the treatment of leprosy and some other 
diseases. The chief acids of the group are as 
follows : 

Structural formula 
R [CH 2 ]io COOH 
R [CH 2 ]i 2 COOH 
R [CHtIs CH CH [CH2I4 COOH 
(R, A^-cyclopentenyl ) 

884; 1907, 91, 557, 563) and confirmed and 
amplified by Shriner and Adams (J. *Amer. 
Chem. Soo. 1925, 47, 2727). Racemic chauj- 
moogrio acid was synthesised by condensing 
J ^i-cyano-undecanoic acid and A^-chloTO-cydo- 
penteno with acetoacetic ester and subsequent 


Acid 

Ilydnocarpic, ll-j 2 -(^c/opcntenyl-n-undecanoic. 
Chaulmoogric, Id- A 2 -ci/cZopentenyl-n-trldecanoic 
Goriic, 13 - J 2 .(^c?opeiitciiyl-id ^-trideceiiolc. 
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transformation of the condensation product ( (CaHg02, CioHi602>Ci2H2oO|, and 0^41-12402) 
(Perkins and Cruz, ibid, 1927, 49, 1070). The of hydnocarpio acid accompany the latter and 
structure of gorlio acid as a J®-tridecenoio acid chaulmoognc acid m seeds of some species of 
was proved by Cole and Cardoso (xhid, 1938, 60, Ilydnocarpua (ibid. 1939, 61, 2349). {Cf. Vol. II, 
612). Cole and Cardoso have also shown that 5216.) 
very small proportions of lower homologues 


(e) Mori&ethenoid and monoeXhynoid acids mainly of the general formula 

RC(H).C(H)[CH2]4C00H. 

Composition Acid Structural formula 

C18H34O2 j6-Octadecenoic, petrosclinic. CH3 [CH2]io CH.CH [CH2I4 COOH 

C18H32O2 j6-Octadecynoic, tariric CH3 [CH2]io C *C [CH 214 COOH 

C18H26O2 Octadeca- J 1 7 .en-di-ynoic, ery thogcnic. CH2 CH [CH^^ C . C C . C ICH2]7 COOH 

or 

CH2 CH C C [CH2l4*C;C*[CH2]7*COOH 


A few seed-fat acids of the C^g senes contain 
unsaturation between the Gth and 7th atoms 
of the carbon chain. The most widely distri- 
buted IS the ethylenic petrosehnic acid, a solid 
(m p 30°), isomeric with oleic acid, discovered m 
1909 in parsley-seed oil and subsequently found 
to bo characteristic of all Umbelliferous seed fats 
It is also present in quantity in ivy seeds and has 
been observed in one species of the tropical 
genus Picrasma 

The acetylenic tanric acid was recognised in 
1892 to be a constituent of seed fats from species 
of Picramnia, in one of which (P. sow) it foims 
over 90% of the seed-fat component acids 
(Steger and Van Loon, llec. trav. chim. 1933, 
52, 593). It 13 the acetylenic analogue of 
petrosehmc, and not of oleic, acid. 

One very rare example of an acid containing 
both othonoid and ethynoid bonds has been 
reported in the fats of two species of OngoLea, 
It IS said to contain a terminal othonoid hnking 
(CHg.CHH and two acetylenic groups which 
may be located either in the or 

positions (Castille, Annalen, 1939, 543, 104). 

( / ) Hydroxy-monoethenoid acid. 

Practically the only higher hydroxy-fatty acid 
to be observed in natural fats (except occasion- 
ally for traces of 9:10-dihydroxystearic acids. 


sometimes in the optically active (d-) form) is 
ncinoleic acidy known for many years to be the 
chief component acid of castor oil, and also 
since reported to be a major component acid of 
a very few other seed fats. It is 12-hydroxy- 
J®-octadecenoic acid, 

CH3 [CH2]5 CH(OH) CH2 CH.CH [CH2]7 COOH 

and exists in nature m the d-form, +6 7°. 
Its chemical behaviour is entirely analogous m 
many ways to that of oleic acid ; it is the cis- 
isomer (m.p. 5°) to which the frans-ricmelaidio 
aeid, m p 52°, corresponds, and it yields tri- 
hydroxystearic acids on mild oxidation. The 
presence of the alcoholic hydroxyl group causes 
it to form, on heating, lactide-like mtermolecular 
condensation products (poly ncinoleic acids or 
cstolides), whilst it can be dehydrated to yield 
a mixture of and J^ds.Qctadecadienoic 

acids. 

Natural Polyethenoid Fatty Acids. 

{a) Polyethenoid acids of the general formula 

R CH.CH [CH 2 VCOOH. 

These occur almost exclusively m fats of the 
vegetable kingdom, belong exclusively to the 
C18 series, and include the following : 


Com- 

position. 

C18H32O2 

C18H50O2 

C18H30O2 

C18H28O3 

C18H28O2 


Acid Structural formula. 

(i) Diethenoid 

A 9 ,i 2 . 0 ctadecadiciioic, linolclc. CH3 [CHAa CH .CH CH2 CH CH [CH2]7 COOH 

(11) Triethenoid. 

j 9 ,i 2 ,i 5 . 0 ctadecatricnoic CH3 CH2 CH.CH CH2 CH CH CH2 CH CH [CH2]7 COOH 

Imolenic. 

j 9 ,ii,i 3 . 0 ctadecatrienoic, CH3 [CH^i CH.CH CH CH CH.CH [CH2]7 COOH 

elsBOstcaric 

4 -Keto-d 9 di.i 3 .octadccatriciioic, CH3 [CHAi CH CH CH CH CH CH [CHAa CO [CH2I2 COOH 
licanic. 

(iii) Tetraethenoid. 

j 9 ,ii,i 3 .i 5 . 0 ctadecatetraenolc, CH3 CH2 [CH CHh [CHAi COOH 

parlnarlc. 


The linoleic acid of seed fats is almost cer- bromo-adduct reverts to the original acid, whilst 
tainly in all cases the same modification, namely, the liquid bromo-adduct furnishes a mixture 
a5-cw-J®»^2.octadecadienoic acid. It can be of this and other geometrically isomeric forms, 
isolated in the pure condition by repeated Similarly, linoleic acid furnishes two tetra- 
crystallisation from acetone or light petroleum hydroxystearic acids, m.p. 173° and 161°, on 
at — 7Q° (Brown et al., J. Amer. Chem. Soc. 1937, oxidation with alkaline permanganate, and two 
59, 3 ; 1938, 60, 54 ; 1941, 63, 1064, 1483 ; isomeric acids, m.p. 144° and 135°, on oxidation 
1943, 65, 259). It yields a crystaUine (m.p. 114°) with an acidic derivative of hydrogen peroxide, 
and a liquid tetrabromostearic acid by addition The production of these various stereoisomers is 
of bromine ; on debromination the crystallme considered to be the result of configurational 
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changes which accompany the addition or | 
rcniova] of halogen, or the oxidation, as the ease 
may Ik* Seed -fat linoleic aeid can be con- 

verted into geometrically isomeric forms, the 
irans-irana-xmmoT having m p. 29-30° (Kasa 
and Burr, ibid. 1939, 61 , 1062). In presence of 
exc'ess of caustic alkah at high temperatures it 
18 isomerised into a mixture of geometiical 
isomers of the conjugated and 

octadccadienoic acids. Long-chain conjugated 
diethonoid compounds of this type show an 
absorption band m the ultra-violet at about 
230 mix,, the intensity of which may be utihsed 
in estimating the amount of these derivatives 
(Bradley and Kichardson, Ind Eng. Chem 
1940,82,963, 1942,84,237, Mitchell, Kray- 
bill, and Zscheile, Ind Eng Chem [Anal], 
1943, 15 , 1 ; Ililditch, Morton, and Riley, 
Analyst, 1945, 70 , 68). 

The octadccadienoic acids present in animal- 
liver, body and milk fats are not identical ^v^th 
secd-fat linolcic acid, although this may also 
bo present in the case of animals fed on herbi- 
vorous diets, especially when oil-sceds or oil- 
cake is included Mainly, hovever, they differ 
in chemical properties from seed-fat linoleic acid 
and, since the jiosition of the double bonds 
appears to bo the same as m the latter, it is at 
present supposed that they represent one or 
more of the other possible geometrical isomers 
of linoleic acid. 

Of the tiiethenoid acids, linoUnic acid re- 
sembles linoleic acid in that it includes the 
characteiistie grouping 

—CH CH CHgCH.CH— 

It IS exclusively a vegetable (seed fat) product 
and, as already mentioned, is by no means so 
widely distributed in seed fats as linoleic acid, | 
although it IS a major component of a fairly laige j 
number of the more unsaturated (“ drying ”) 
vegetable fatty oils Like linoleic acid, it yields 
a mixture of bromo-addition products (hexa- 
broniostearic acids) of which one is crystalline 
(m.p 18r’) Two hexahydioxysteanc acids 
(m p 203° and -173-175°) result in comparatively 
small fields when linolcnic acid is oxidised with 
alkaline permanganate By analogy, it is highly 
probable that the natuial acid is cis-cis-ci8 

li!, ifi.octadecatrienoic acid, ozomsatioil 
having proved that the double bonds occupy the 
positions stated. In presence of excess of 
alkali at high temperatures it is isomerised, first 
to a mixture of diconjugated tnethenoid acids, 
and finally to the tneonjugated i4. 

o( tadccatrionoic acid (T. Mooie, Biochem. J. 
1939, 83, 1635; Kass and Burr, J Amer Chem 
Soc 1939,^61, 3292) 

It should be recalled that a structurally 
isomeno linolenic acid, J^'^'^^-octadecatrienoic 
acid (thus belonging rather to the “ petroselimc ” 
than to the “ oleic ” series of vegetable un- 
saturated acids) has been observed (Heiduschka 
and Lufb, Arch Pharm. 1919, 257 , 33; Eibner 
ei al., Chem. Uinschau, 1927, 84, 312) to occur, 
exceptionally, in the seed fat of the evening 
primrose, (Enothera biennis, 

EUeosteanc, licanic, and pannartc acids share 
in common the presence of a multi- conjugated 
ethenoid system commencing at the J®-position 


(the site of the double bond in oleic acid). Of 
these, elseostearic acid is best known since it 
forms nearly 90% of the acids of China-wood or 
tung oil The presence of three double bonds is 
shown by the amount of hydrogen taken up 
during conversion of ela308tearic acid to stearic 
acid, and their location by the production of 
azelaic and w- valeric acids on ozonistttion The 
natural conjugated tnethenoid acids or their 
esters are much more readily converted into 
their more stable geometneaUy isomeric forms 
than aio oleic or linoleic compounds , exposure 
to bright light, or presence of a trace of iodine, 
IS sufficient to effect the change. Natural or 
“ a ’'-elccostcaric acid, m p 49°, is thus trans- 
formed into a higher-melting isomeric (“ /3 ”- 
eltcosteanc) acid, m.p. 71°. The products 
formed by the union of both forms of the acid 
with atmospheric oxygen on the one hand, and 
with maleic anhydride ( Diels- Alder condensa- 
tion) on the other, have been studied m con- 
siderable detail by Morrell and co-workers ( J Oil 
Col. Chem Assoc 1929,12, 183, J.S.C.l. 1931, 
50 , 33t, J.C S 1932, 2251), who have suggested 
that the difference between the a- and jS-acids 
hes m configuration {eg, cis-cis-traris- and 
irans-cis-cis-) of the ethenoid groups. 

The union of maleic anhydiide with tw^o of the 
three conjugated bonds of elseostearic and 
similar derivatives has been made the basis of 
quantitative determination of these conjugated 
acids or glytcndes (Ellis and Jones, Analyst, 
1936, 61 , 812; Kaiifmann and Baltes, Fetto 
u Soifen, 1936, 43, 93), whilst they may also 
be determined by the mtcnsity of the absorption 
band w'hich they exhibit in the ultra-violet 
spectrum at about 270 ni/x (Bradley and 
Richardson, op, cit,) 

Licanic acid, mainly present in oiticica oil 
from the fruits of lAcania rigida, is at present 
unique amongst natural fatty acids in that it 
contains a ketonic gioup. The natuial or “ a 
licanic acid melts at 74-75° and is transformed 
by light in presence of traces of iodine or sulphur 
to the more stable “ /3 ’’-licamc acid, m p. 99 5°. 
Its structure was established by Brown and 
Farmoi (Biochem. J 1935, 29, 631 ; J C.S. 1935, 
1632). Its behaviour with maleic anhydride is 
similar to that of elieostearic acid (Morrell and 
Davis, ihid 1936, 1481). 

Pannaric acid is also at present unique as a 
conjugated tetraethenoid fatty acid. It oocurs 
m quantity in the seed fats of Parinanuin 
laurinum (Tsujimoto, J Soc. Chem Ind. Japan, 
1933, 36 , HOB, 673B) and P. glaberninum 
(Frahm, Ing. Ned. Inclie, 1941, 7 , 92). The 
natural or “ a ”-acid melts at 85-88° and the 
more stable “ j3 ”-acid at 95-96°. Its structure 
was determmed by Farmer and Sunderland 
(J C S. 1935, 759). Its ultra-violet absorption 
spectrum is very similar to that of decatetraene 
(Kaufmann et al , Fotte u Soifen, 1938, 45 , 302). 

(b) Polyethenoid acids of the C 20 f (^ig 
and Cje) series. 

The acids falling under this heading are chiefly 
those of fats from aquatic organisms, togethei 
with those of related fata of certain land-animal 
organs and tissues. In the marme -animal oils 
these highly unsaturated acids were first 
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definitely noted by Tsujinioto in 1906 who at 
that time believed the highly unsaturated acids 
of sardme oil to be an individual, “ clupanodonic 
acid,” of the foimula C^gHgeOg, but m 1920 
noted that its carbon content was greater, and 
suggested the formula C22H34O2, for a penta- 
ethenoid acid. In the meantime it had become 
recognised that unsaturated acids of both the 
C20 and C22 senes were commonly present in 
fish oils and that possibly, in each series, acids 
ranging from tu- to hexa-ethenoid were present 
The present state of our knowledge of this 
group of acids may be summarised as follows 
The highly unsaturatod acids m question are 
relatively unstable and, by the action of either 
heat or alkali, or both, tend to undergo cyclisa- 
tion or polymerisation, with consequent loss of 
unsaturation It is therefoie uncertain whether 
in all cases the materials prepared for constitu- 
tive investigation by processes such as saponifi- 
cation with excess of alkali, fractional distilla- 
tion at or above 200°, etc , represent the original 
unsaturated individuals or their transposition 
products. A great deal of much painstaking 
work, undertaken notably by Tsujimoto and by 
Toyama, may bo partly open to question on 
these grounds But at least the work of these 
investigators has shown that polyethenoid uii- 
saturation in marine animal oils extends over 
acids of the Cjg, C^g, C2o> ^29 ^24* ^26 

series, and that with increasing molecular weight 
the degree of unsaturation and the amount of 
highly unsaturated acids present in the glycerides 
both undergo increase Thus the workers men- 
tioned showed that small proportions of a tri- 
ethenoid Cjq acid and larger amounts of a tetia- 
ethcnoid C^g acid aie frequently present, whilst 
tetra- and pcnta-ethenoid C20 acids, and hexa- 
ethenoid C22 acids often occur abundantly m 
fish oils Benta- and hexa-ethenoid C24 and 
even Cge acids have also been reported occasion- 
ally in very small proportions It is also estab- 
lished that conjugated unsaturation is absent 
from these acids, and that the characteristic 
groupings arc the CH CHj CH system already 
familiar in the vegetable polyethenoid acids, 
together w ith a considerable proportion of 
groups of the form C H • [C H 2]2 C H , which give 
rise to succinic acid on oxidative disruption. 
The terminal group CH [CH2]7 COOH, so 
characteristic of many ethenoid acids in addition 
to oleic acid, and of vegetable polyethenoid 
acids, IS not present in the highly unsaturated 
acids at present under discussion, in which the 
terminal grouping is more usually, but perhaps 
not always, CH [CH2]2 COOH. 

Distillation, or rather evaporation, of esters 
of these highly unsaturated acids in the ” mole- 
cular still ” effects their separation without 
exposure to temperatures exceeding 120°, and 
at any one passage through the still the time 
of exposure to this temperature does not exceed 
two minutes. Consequently rearrangement of 
the unsaturated systems is avoided by this 
means, and a study of cod-liver oil esters by this 
technique indicated that the numbers of ethenoid 
hnkmgs in each of the homologous senes was 
Cjg, 3; Cjg, 4; C2o» Cg^, 6; and C^^t 6 
(Farmer and Van der Heuvel, J.S.C.I. 1938, 
67, 24 , J C S. 1938, 427). These investigators 


If) 

also showed that the acid C^a*^a2C2 is non- 
conjugated and yields »-behenic acid on oxida- 
tion and that, from the products it yields on 
oxidation with alkaline permanganate, it con- 
tains four CHCHgCH groups and one 
CH [CHgJaCH group between the terminal 
groups CH3CH and CH [CH2]2COOH. 
Similar constitutive data, possibly subject to 
slight uncertainty for the leasons akeady stated, 
have been given by Japanese workers for other 
highly uiisaturated fish- oil acids of the com- 
position Cj^gHagOa* CjgHagOa* C2QH32O2 and 
C2oi^.3oC2» ^22^3403 and C22H3a02» 

C24i^38^2> CaflH^aOa and CagH^^Oa* 

As already mentioned, similar acids, notably 
arachidonic (cicosatetraenoic), C20H32O2, have 
also been observed in small quantities in the 
liver and other 01 game or gland fats, and some- 
times in traces m the depot fats, of land animals. 
J. B. Brown (J. Amer Chom. Soc. 1930, 52 , 
1135; 1934,66,2149, J Biol. Chem. 1934, 107, 
607, 615, 1940, 134 , 331 ; 1942, 142 , 671) con- 
siders arachidonic acid to bo the only higher 
polyethenoid acid 111 these land animal fats, but 
other workers believe both Cgo and C22 acids 
to be present m most instances The arachi- 
domc a<id of the land-animal fats is apparently 
J®»®'i^'i4-eicosatetraenoic acid(r. Smedley Mac- 
Loan et al.y Biochera J. 1940, 34 , 1422 , Brown 
et al , J. Biol Chem. 1942, 142 , 679). 


NATURAL FATS OF TECHNICAL OR 
POTENTIAL VALUE. 

The natural fats have been discussed in the 
previous pages from the standpoint of their 
chemical constitution, and it will have become 
clear that the most logical and systematic 
classification of these products (in terms of then 
component acids) is that which follow'S then 
place of origin m the biological scale of hving 
matter, vegetable and animal. In describing 
the chief fats which find or may find industrial 
applications, it is more convenient to group 
them somewhat differently, according partly 
to their physical consistency and (amounting 
to some extent to the same thing) paitly to their 
utility for spe(‘ific technical purpose — edible 
fats, soaps, paints, etc The various types of 
natural fats will be considered under the 
following headings 

VEGETABLE FATS. 

I Solid Fats 

(а) Fruit-coat fats Palm oil, Chinese veget- 
able tallow, Japan wax, etc. • 

(б) Seed fats — Nut oil group Coconut, palni- 
kernel, and other Pahnae fats 

(c) Seed fats — Launc and myristic group * 
Lauracem and Myristicaceas fats. 

{d) Seed fats — Palmitic-rich fats. Baobab, 
phulwara, Java almond, etc. 

(e) Seed fats — Steanc-rich fats Cacao butter, 
Borneo tallow, shea, mowrah fats, etc. 

(/) Seed fats rich in arachidic or lignoceric 
acid. 

(g) Seed faJts — Chaulmoogra groups. Chaul- 
moogra, hydnocarpus, lukrabo oils, etc. 
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II. Liquid Fats: 

(а) Oleic or “ non-drying ** type : Olive, 
groundnut, almond, rape, mustard, castor oils, 
etc. 

(б) Ltnoleic or “ semi-drying ” type * Cotton- 
seed, maize, sunflower seed, sesam6 oils, etc. 

(c) Linolenic or “ drying ** type : Linseed, 
perilla, safflower, hemp-seed, soya-bean oil, etc. 

(d) Conjugated (“ drying ”) type * China wood 
(tung), oiticica oils, etc 

LAND-ANIMAL FATS. 

I. Body Fats : 

(a) Solid fats Lard, beef, and mutton tallow, 
bone fat, etc. 

(b) Liquid fats . Neat’s-foot oil. 

II. Mn.K Fats : Cow butter, ghee, etc. 

MARINE-ANIMAL FATS. 

I. Fish Oils (Body on Liver) • Cod-hvcr, 
herring, sardme, menhaden, shark-hver oils, etc. 

II. Mammalian Oils : Whale, seal, dolphin, 
etc. Sperm-whale oils. 

The treatment of each group includes tabu- 
lated data (i) for fats alieady in technical use 
and (ii) for other related fats which may bo 
considered as possible sources of similar fats m 
addition to those at present available. The 


data include the chief analytical characteristics 
(usually only the average range of saponification 
and iodine values) and also detailed analyses 
showing the typical proportions of the character- 
istic acids of each fat (minor component acids, 
unless definitely charactenstic of a fat, are not 
always included). The detailed ana^ses are 
quoted from communications publish^ dunng 
the past twenty years by investigators m vanous 
countries, notably Great Britain, the United 
States, Holland, and Russia. The tables are 
supplemented by individual desenption of the 
more important fats (or by references to other 
articles in this Dictionary deahng with them) 
and by indications, where desirable, of other fats 
which might be available to supplement such 
fats. 

VEGETABLE FATS. 

I. SOLID FATS. 

(a) Fbuit-coat Fats. 

The most important sohd fruit-coat fat from 
the mdustrial standpoint is palm oily from the 
flesh of the fruit of the West African oil palm 
Elseis guineensis. Two other fats of still higher 
melting-points, Chinese vegetable tallow and 
Japan wax, find restricted applications in some 
directions. The general composition of all these 
fats, and of some other fruit- coat fats similar to 
palm oil, is given in Table III. 


Table III. — Solid Fbuit-coat Fats. 


Fat 

Species 

Habitat. 

Sap 

value 

Iodine 

value 

Chief comp( 

Saturated 

3nent acids 

Unsaturated 

Palmi- 
tic, % 

Stearic, 

O' 

/O 

Oleic, 

% 

Lino- 

leic,% 

Japan vva\ 

Hhui> sp 

Sub- tropics 

‘220-230 

8-10 

77 

5 

12 

— 

Cliincsc vegetable 

Stilling la sebi- 

C'hina, Florida 

200 

28-38 

66- 69 

1-3 

21-25 

— 

tallow 

Jera 








Palm oils 

Elms guineensih 


106-210 

51-58 





Plantation 


Congo, Malaya, 



40-43 

3-5 

40-45 

6-10 



Sumatra 

• 






Natue 


Nigeria 



37-40 

3-6 

40-47 

6-10 



Caineroons, Niger, 



38-40 

2-6 

42-44 

#-10 



Gold Coast 
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Ivory Coast, 



34-35 

5-6 

48-52 

5-8 



Sierra Leone 







yj 


Liberia. 



32-35 

5-6 

50-52 

7-8 


Other fruit’d 

)atfat8 similar in d 

rnipositw 

n to Pall 

n oil. 




Cacao bean bliell 

Theobroma cacao 

W. Indies, W. 

180 

40-55 

50-55 

32-40 

7-14 



Africa, etc 







Pi(|ui-a 

Caryocar sp. 

Brazil. E Indies 

105 

48 

41 

1 

54 

3 

Java almond. 

Cananum, etc. 

E. Indies. 

107 

57 

34 

3 

60 

4 


sp 






i 



Japan Wax (v. Vol. VII, 78a). 

Chinese Vegetable Tallow (v. Vol. Ill, 
33a). 

Palm Oil, which forms 30-60% of the fleshy 
part of the frmt of the West African oil-palm, 
is of much greater technical importance than the 
preceding fats. It is used in very large quanti- 
ties in the edible -fat and soap industries, and to 
a lesser extent m the process of manufacture of 
tin-plate. Palm oil was originally extracted by 
primitive methods by the West African natives, 
the material produced being a fairly hard fat. 


often yellowish-brown rather than red in colour, 
and containing up to 30% or more of free fatty 
acids; these were usually termed Congo palm 
oils in the trade. Better qualities of native- 
produced palm oil, known as Lagos, Bonny, etc., 
palm oils, contain usually not above 10% of 
free fatty-acids, are softer in consistency and 
clearer red in colour. The red colour of palm 
oil is due to minute proportions of carotene and 
xanthophyll, and is removed by agitation with 
activated fuller’s earth, or, when the oil is to be 
used in soap, it may bo bleached by gentle 
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oxidation with dilute chromic acid or moist air. 
A very large proportion of palm oil is now 
obtamed from plantations of the oil palm culti- 
vated in the Belgian Congo, Nigeria, and othoi 
parts of West Africa, and also in Sumatra and 
Malaya. Under these conditions much more 
care can bo given to the collection, sterihsation 
and rapid <ixtraction of the pulps by pressure or 
centrifuging after agitation with water and 
steam, and the plantation palm-oils are blight 
red in colour, sweet smelling, with a content of 
only 3-5% of free fatty-acids. 

Plantation oil -palms are almost wholly the 
offspring of palms of the Lagos or allied variety, 
and, as indicated in Table 111, their composition 
13 on the whole remarkably constant. Most of 
the West African native palm oils have a similar 
mixture of component acids, with about 40% 
each of palmitic and oleic acids, and up to 10% 
of hnoleic acid ; but in a few native palm-oils 
from the the western coastal regions of West 
Africa the palmitic acid is only about 32-35% 
whilst the oleic acid content approaches 50% 
Palm oils contain small proportions (about 
5-8%) of tripalmitin and tii-“ olein ” * (the 
latter being probably hnoloodioleins) and to 
this extent depart slightly from ^he “ rule of 
oven distribution.” The chief component gly- 
cerides are, however, “ oleo ’’-dipalmitm and 
palmitodi-“ oleins ” (which together make up 
about 75% of the whole fat), with small propor- 
tions of “ oleo ’’-palmitostearin (about 10%) 
and palmitostearms (about 3%). Palm oils 
melt at about 27-30°. 

Although future development of the palm-oil 
industry will probably ensure adequate supplies 
for its different technical uses, it may bo noted 
that the fruit-coat fats of the cacao-bcan, piqm-a. 


17 

and Java almond (Table III) and the seed fats 
of the two latter species, and of Pachira, baobab, 
and phul^\ara kernels (Table VI) are also rich 
in palmitic and oleic acids and could probably 
be utihsed as palm-oil substitutes. 

(b) Seed Fats : Nut On. (Palm.e) Group. 

Coconut and palm-kernel oils are amongst the 
most largely used vegetable fats, findmg ex- 
tensive applications in edible oils (margarine) 
and many high-grade typos of soap ; sub- 
ordinate, but stiU important, are the use of the 
sobd pressings (“ coconut stearin ”) of coconut 
oil in confectionery fats, and the conversion of 
coconut or palm-kernel oils by high-pressure 
catalytic reduction into a mixture of higher fatty 
alcohols corresponding with the original acids 
present in the fat. The sodium salts of the 
monosulphatcs of these alcohol mixtures find 
increasing use in the modern detergent industry. 

Whilst coconuts and the oil palm (which yields 
palm-kemel oil) are chiefly cultivated in planta- 
tions, which can probably meet the normal trade 
demands for fats of this type, it should be noted 
that a number of other kernel fats of the palm 
family could bo utilised equally well for the 
same purposes, since the component acids of 
most of the Palmse seed fats are cxtiaordinanly 
similar in composition. A few of them, e.gr., 
babassu and murumuru, have already appeared 
on the market, and a number of others of 
potential service are listed m Table IV. Factors 
which must influence their utibsation in practice 
are, however, the length of time taken by some 
species to come into bearing, the excessive 
propoition of hard or tough shell to kernel in 
some instances, and the proportion of fat in the 
kernel. 


Table IV. — ^Seed Fats of the Paljvi F\mily. 





Fat 



Chief coinpoiu nt acids 




con- 










F-it 

Spec les 

Habitat 

tent 

(kcr- 

Sap 

value 

lodiix 

value 


Saturated 


Okie, 

Lino- 











ncl), 

Vo 



c«. 

Cio, 

Cl2, 

Cl4, 

Ci6, 

o 

o 

/O. 

Ji*k, % 

Coconut 

Voco'^ nuci- 

'i’u)incal 

00-65 

250-260 

8 10 

8 

7 

15 

18 

0 

8 

2 


fera 

Coasts 











Palm 

El CP IS 

W Aliica, 

15-50 

213-25(» 

15 IN 

3 

7 

47 

15 

9 

18 

1 

kernel 

ouineenshs 

etc 











Babassu 

Attalea funi- 

Brazil, W 

63-70 

247 25.^ 

12 16 

6 

3 

46 

20 

7 

18 

— 


fera 

Africa 











Coliime, 

A cohune 

Honduras 

65 -70 

252- 25(. 

11 -14 

7 

7 

16 

16 

9 

10 

1 

Oun- 

A excelsa 

Ccnti aland S 

70 -73 

2>0 25t 

10 16 

0 

8 

16 

0 

8 

13 

2 

ce )ury 


America 











Miiru- 

A^trocaryum 

Brazil 

36-42 

237-242 

11 12 

1 

2 

43 

37 

5 

11 

1 

niuru. 

muru- 

muru 












Tucuma. 

A tucuma 

Brazil, W 

35 40 

240-245 

10 14 

1 

4 

40 

22 

0 

13 

2 



Indies 











Grugru 

Acrocomia 

Brazil, W 

50-60 

245-255 

16-20 

8 

5 

45 

13 

8 

16 

1 

sclero- 

Indies 











Betel nut 

scarpa 

Areca 

Pacific Is 

? 

230-235 

20-24 

— 

1 

45 

22 

3 

20 

— 


catechu 













All the fats in Table IV contain as their chief 
component lauric acid (45-50%), the next most 
abunciant being myristic acid (usually about 
20%) with minor proportions of octanoic, 

* The terms “ olein," " oleic," " oleo-," indicate 
that minor proportions of linoleic acid (or glycerides) 
arc included with oleic acid (or glycerides). 

VoL. IX.--2 


decanoic, palmitic, and oleic acids ; stearic and 
hnoleic acids do not exceed more than 1 or 2% 
m any mstance. Certain subordinate differences 
in composition are noticeable. In coconut and 
some other fats the oleic acid content is 10% 
or less, but m another group (which includes 
palm-kcmol oil) this rises to from 15 to 20%. 
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Again, whilst coconut and a few other fats 
include about 7% each of octanoic and dccanoic 
acids in their component acids, in the seed fats 
of other species there is sometimes less of one 
or both of these acids (in those of Aalrocaryum 
species they only amount to 1-4%). The com- 
ponent glycendes of the nut oils conform closely 
to the “ rule of even distribution ” and are con- 
sequently a complex mixture. The relatively 
small proportion of unsaturated acids is present 
in the form of about 4 parts of mono-“ oleo 
disaturated to 1 part of di-“ oleo ’’-mono- 
saturated glycerides, and the bulk of the fats 
(80-85% in coconut, and 63-60% in palm- kernel 
oil) consists of fully saturated glycerides con- 
taining three saturated octyl groups. One laiiric 
acyl group is probably present m all, or very 
nearly all, the triglyceride molecules, and a con- 
siderable proportion of the latter may contain 
two lauric groups, but trilaurin has not been 
doteoted in eithei coconut or palm-kernel oils. 
Myristic acid probably occurs once, and occasion- 
ally twice, m many of the tiiglyceride mole- 
cules, but the rest of the component acids will 
as a rule contribute only one acyl group to some 
(and none to others) of the triglyceride mole- 
cules. Thus there will bo many individual 
glycerides present, practically all of which will 
contain one, and some two, lauric acyl groups 
The most abundant component (and the only 
one which has boon definitely isolated by 
fractional crystallisation from coconut and palm- 
kernel oils) 18 dilauromyristm , others doubtless 
present are laurodimyristin, lauromyiisto-oloin, 
caprylolauropalmitin, etc. 

Most fats of this group become lujuid at about 
25-28°, but murumuru fat melts somo\\hat 
higher (over 30°) 

Coconut Oil (v Vol III, 238^, 243^/). 
Palm-kernel Oil (v. Vol lll,24,3a,c) 

It IS difiidilt to give close figures for the 
world pi od action of these oils, but immediately 
prior to 1939 the annual production of coconut 
oil was of the order of 500,000-000,000 tons, and 
of palm-kernel oil about 250,000-270,000 tons 
Possible Substitutes for Coconut and 
Palm-kernel Oils. — It will be seen from 
Table IV that a number of other kernel fats of 
the Palmie could bo equally well utilised in 
place of coconut and palm-kernel oils. In view 
of the extent to which the latter fats are now 
produced from plantation palms it is perhaps I 
doubtful whether the demand for fats of this 
type will not be wholly met m future from these 
two sources. Nevertheless other fats of the 
group have appeared in commerce from time 
to time, although the quantities arc so far very 
small compared with the consumption of coconut 
and palm-kernel oils. Babassu-kernel fat (v 
V^ol 111, 243d) (from Ailalea fumfera) is the 
most prominent of these, and has been imported 
into Europe as well as the United States; it 
grows both in parts of French West Afiica and 
m Brazil and other parts of South and Central 
America. The kernels of two other species of 
Attalea, ouncoury nulSy and cohune nuts (v. 
Vol. Ill, 243d), have also attracted some 
interest; the former, from Central and South 
America, has received some notice in the 
United States, whilst the cohune palm is abun- 


dant in the wild state in British Honduras, but 
difficulties of collection and the large proportion 
of nut to kernel are probable obstacles to its 
wider utilisation The kernel fat of the muru- 
muru palm {v. Vol. Ill, 244a) (Astrocaryum 
murumuru) of Brazil has also come on the 
market in comparatively small lots. Murumuru 
and cohune fats mchne to the cocogiut type in 
composition, and babassu and ouncoury fats 
rather to the palm kernel type. So far as is 
known, the parent palms have not been culti- 
vated, the fruits being gathered from native 
forest trees , it would appear that any serious 
competition with coconut or palm -kernel oils 
will demand systematic cultivation on hues 
similar to those now employed in the coconut 
and oil-palm plantations. 

(c) Seed Fats Rich in Lauric and Myristic 
Acids. 

In addition to the Palmde kernel fats, typically 
rich m lauric and (to a less degree) myristic acids, 
the seeds of certain other tropical plant famihcs 
contain fats rich in either or both of these acids. 
Although up to the present none of these fats 
have found any special industrial application, 
reference should be made to a few of them be- 
cause (a) fats which are very rich m one of these 
acids may come to have some importance when 
lauric (or myristic) acid is demanded technically, 
either for itself or for reduction to the corre- 
sponding long-chain alcohol , (6) some of the 
fats may be of potential interest to the con- 
fectionery trade. The more interesting members 
of this group are therefore given in Table V. 

Of the fats in Table V, those of the Lauracea> 
and Mynsticacepe are extremely rich in lauiic or 
myristic acids, respectively, and could serve as 
technical souices of these acids, whilst dika (v 
Vol. IV, 3d) and khakan fats (v Vol HI, 2446) 
might possibly bo of interest in confectionery by 
leason of the comparatively simple mixture of 
mixed glycerides (lauiomyristins) of which they 
consist. The presence of high proportions of 
glycerides such as trilaurin, trimyristin, or 
lauromyristins causes most fats of this group 
to be hard and brittle in texture although their 
melting-points are not above 40-45°c. Coloured 
resinous compounds accompany several of the 
Lauracex and Myristicacess fats in the seed 
endosperms 

(d) Seed Fats Rich in Palmitic Acid. 

The seeds of a number of tropical plants con- 
tain white or cream-coloured sohd fats some- 
w^hat resembhng palm oil m composition and 
physical properties. They may be regarded as 
potential substitutes for the latter, although it 
would appear that the production of palm oil is 
sufficient to meet the normal demands for fat 
of this type The general characteristics of 
some seed fats of this nature are given in 
Table VI. 

(e) Seed Fats Rich in Stearic Acid 

These are found in the seeds of a few tjopical 

famihes (notably Sapotacessy Outtifersey and 
Dipterocarpacese) and fall into two groups : 

(i) Fats containing not more than 40% of oleic 
acid, and consequently consisting largely of 
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Table V — Seed Fats Rich in Laurio and/or Myristio Acids. 





I 

Fat 



Chief component acids 

Fat 

Species. 

Habitat 

con- 

tent 

1 (seed), 

i o/ 

/o 

Sap 

value 

Iodine 

value 

Laurie, 

/o 

Myris- 
tlc, 1 
0/ 

/o* 

Palmi- 

tic, 

q/ 

/o 

Oleic, 

o/ 

/o. 



• 1 1 
Family Lauracecc 







Aciuwdaphne sp 

India 

70-75 

280-285 

8-15 

90-95 

— 

— 

10-5 

('innamon. 

Cumamomifin 


40 

280-285 

4-5 

95 

— 

— 

5 


camphora 









Fever biisli 

Linde ra benzoin 

N America 

45 

284-285 

1-2 

95 

— 

— 

5 

Tangkallak 

Lepidadenia 

E Indies 

50 

270 

2 

87 

— 

— 

13 


wightiana 

Litsea ap 

India, E Asia 

45-55 

245-270 

5-40 

70-95 

__ 



30-5 


Neolitisea involU' 

C’eylon 

00 

255 

22 

85 

4 

— 

4 


crata 











Family Mynsticacece 






Nutmeg 

Myribtica frag- 

E Indies 

40-45 

180 

30 

2 

77 

10 , 

10 


ra/is 









Oclioko 

Ochocoa gabon i 

W Africa 

69 

238 

2 

— 

98 

— 

2 

Konibo 

Pycnanthus Kombo 

Sierra Leone 

00 

225 

07 

5 

02 

4 

0* 

Virol ti 

Virola surma- 

S Ameiica 

70 

230 

14 

15 

73 

5 

0 


mens IS 









Otobo 

V otoho 


05 

200 

14 

21 

73 

1 

5 

Ucuhubd 

V bicuhyha 

,, 

05 

220 1 

10-15 1 

5 

73 

11 

11 



* Vlso 23 “o tetradecenoic acid 








Famil> Smiarubaceee 






Dika 

I/rmgia harteri 

Nigeiia 

Indo-Chma 

55 05 

240 

10-15 

39 

50 

— 

11 

9) 

I gahonenbii^. 

55-05 

240-250 

3-5 

59 

33 

2 

2 

1 

I oliven 

55-00 

235 

0 

3<) 

50 

— 

5 



Family 

Salvadoracece 






Khakan 

1 Salvador a olcoides 

1 India, E Asia 

40 i 

230-235 

1 5-0 

1 1 

1 1 

18 1 

5 


Table VI. — Seed Fats Rich in Palmitic Acid. 





Fat 

eon- 




Chief component 
acids 

Fat 

Spe( les 

Habitat 

tent 

(seed), 

o/ 

/o 

M p , 
"0 

Sap 
\ able 

iodine 

value 

Palmi- 

tic, 

% 

Steal le, 

u 

0 

Oleic, 

/-O 

Baobab 

A dan soma sp 

India, Mada- 
gascar 

40-00 

25-35 

190 

55-05 

37 

2 

42 

Pill nut 

Cananum pachy- 
phyllum 

E Indies 

70 

30 

190-200 

56-00 

38 

2 

00 

Pi(iui-a 

Caryoiar nlloHum 

E Indies, Brazil 

55-00 

30-35 

19,5-200 

50 

48 

1 

40 

Pachira 

Pachira aqvatica 

Congo 

40 

30 

200-205 

55-60 

46 

— 

43 

Phulwara 

Madhuca (Jiassia) 
butyracea 

India 

00-05 

40-45 

190-200 

38-40 

55 

4 

30 


oleodisaturated glycerides . — These possess com- substantially only stearic and oleic acids and 
paratively low melting-points (30-35°) and also could therefore serve if required as technical 
a hard, brittle texture, so that they are specially sources of stearic acid or tristeann 
useful as confectionery (chocolate) fats. Cacao Cacao Butter (v. Vol II, 183d). The 
butter 13 the most valued fat in this class, but brittleness coupled with low melting-point, 
several of the others quoted in Table VII are which is the characteristic physical property 
used, or usable, as substitutes for cacao butter, of cacao butter, is due to its specific composition. 

(ii) Fats containing more than 40% of oleic With somewhat less than 40% of oleic acid in 
acid — With increasing proportions of oleic acid the fat, its glycerides consist of about 75% of 
in the fats, the amount of dioleo -glycerides aug- mono-oleo-disaturated and nearly 25% of dioleo- 
ments rapidly and the texture of the fats at glycerides ; the saturated acids are a mixture of 
ordinary temperature becomes softer and more palmitic and steanc acids, and about 55% of 
pasty. Some of the fats in this sub-group are the fat consists of oleopalmitostearin, with 
used to a certain extent for margarine, whilst the about 20% of the somewhat highor-melting 
“ steojin ” obtained by pressing the fats is often oleodisteann. This combination of properties 
rich enough in oleodisteann to acquire the is particularly fortunate since, of course, it is 
more rigid consistency desirable in confectionery also unnecessary to remove the characteristic 
f|its. flavour of the fat by refining when it is to be 

A number of the fats in both groups contain used for chocolates. 
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Table VIL — Seed Fats Rich in Stearic Acid (>40% Oleic Acid). 





Fat 

con- 

Mp, 

°o. 

Sap 

value 

Iodine 

value 

Chief component 
acids 

Fat 

Species. 

Habitat. 

tent 

(seed), 

% 

Palmi- 

tic, 

o/ 

/Q. 

Stearic, 

O' 

/o 

• 

Oleic, 

%. 

Cacao butter 

Theobrotna cacao 

Tropics 

50-5.5 

33-35 

192-195 

35-42 

24 

35 

39 

Borneo tal- 
low. 

Shore a aptera 

E Indica. 

45-50 

28-37 


34-37 

20 

43 

37 

Kokum 

Garcinia indica 


30 


187-191 

40-45 

2 

56 

40 

Bouandja, 

Mkanyi. 

Allanblackia sp. 

E and W 
Africa, 

Nigeria 

67-70 

40-45 

187-192 

38-44 

0-2 

52-56 

37-40 

Njatuo 

Palaquium oh- 
longifolium 

E Indies 

50-55 

38-40 

190-200 

35-40 

6 

54 

40 

Surin 

Vayena lancifolia 


50-55 

45-50 


45 


58 

42 


Other fats have been sought as supplements 
for cacao butter, including the “ stearins ” 
obtained by pressing from coconut and palm- 
kernel oils, and also shea butter (v infra) or its 
pressed “ stearin.” Further possible substitutes 
for cacao butter are dika-nut fat (v» supra) and 
the Garcinia and AllanblacLta fats which are 
referred to below. The only one which has 
boon used at all oxtcnsiv^cly so far m place of 
cacao butter is, however, Borneo tallow. 

Borneo Tallow (v. Vol. II, 3Ic). 

Another group of fats, including those of the 
nuts of AllaMackia species of Western and 
East Africa, kokum butter (Garcinia indica) 
from India, and the East Indian njatuo and 
sunn fats, are made up of about 40% oleic acid 
with the remainder almost wholly stearic acid, 
so that they consist of 75-80% of oleodistearin 
with 25-20% of stearodiolein. Such fats aie 


ideal for confectionery from the point of view 
of texture, but the preponderence of oleo- 
distearm, which melts at 44-45°o., renders the 
melting-point somewhat high for confectionery 
purposes. Other fats of related species or 
genera, which contain more oleic and less stearic 
acid (cf. below), might by pressing yield 
“ stearins ” of more appropriate melting-point 
and suitable texture ; these include those of 
other Garcinia species (gamboge and gurgi 
butters), kanya and shea fats, Malabar tallow, 
and some others. 

(ii) Fats containing more than 40% of oleic 
acid — A number of other fats, which, in addition 
to oleic acid, (‘ontain little but stearic acid as the 
remaining component, are listed in Table VI J I. 
Of these shea, mowrah, and lUipo butter, and 
perhaps Baku fat, have received some technical 
attention from time to time. 


Table VIII. — Seed Fats Rkmc in Stevrk’ Acid (>40% Oleic Acid) 





Fat 

eon- 

Mp , 

S.ip 

V alue 

Iodine 

value 

Chief component 
acids 

Fat 

Species 

Habit .it 

tent 

(seed), 

o 

/O 

Palmi- 

tie, 

Stearic, 

O' 

.o 

Oleie, 

/o 

Shea 

liutyro^pennum 

W Airiea 

50 

25-32 

180-19() 

50 02 

6-8 

30-41 

49-50 

Mov\nili. 

park u 

Madhuca (Bas^ia) 

India. 

50-55 

25-30 

187-194 

58-63 

16-24 

25-19 

45-43 

lllip(5 butter 

laiiJoUa 

M (B ) lonyijolia 

India, (Vvlon 

55-57 

2,5-29 

186-200 

.50-64 

28 

1 i 

49 

Baku, 

Mnnusops 

W Allied 

4.5-50'* 

30-35 

188-192 

50-60 

4 

36 

59 

Dumoil 

Gamboge 

iDumona) sp 
Garcinia cambogia 

India 

30 

35 

198 

70 


30 

7ff 

butter 








Gurgi nut 

G moreUa 

W^Afiiea 

30 

33 

195 

55 

1-7 

46-42 

49-44 

Kanya 

Pcntadei>ma buty- 

55-60 

30-40 

186-197 

45-50 

5 

46 

48 

Malabar tal- 

racea 

Vateria indica 

India 

50 

30- 42 

189-192 

40-50 

10 

39 

48 

low 










Java almond 

• 

Cananum sp 

E Indies 

32 

32-34 

186-190 

53 

11-30 

40-10 

44-40 


Shea Fat (v, Vols I, 0546; II, lG8d; III, 

886 ). 

Mowrah Fat (v. Vol. II, 653a). 

Baku Fat, from the nuts of various species 
of Mtmusops which are abundant in West and 
Central African forests, is a product of similar 
type to shea fat and should be equal to the latter 
in technical value. 

The other fats quoted in Table VIII are 
probably only a selection of those of similar 
nature and properties which are found in specific 


tropical nuts and seeds, but at present they await 
development and introduction into the fat 
industries. 

(/) Seed Fats Rich in Arachidic or 
Lignoceric Acids. 

A few solid seed fats from certain species 
belonging to the famihes Leguminosae (Mtmo- 
80 idse)y and Saptndacess are unusually rich in 
arachidic or hgnoceric acids. These fats have 
hitherto found no special technical application. 
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and are mentioned here solely as convenient 
sources of natural arachidic (n-eicosanoic) and 
lignoceric (w-tetracosanoic) acids. 

The seed fats of the following trees and shrubs 
contain arachidic acid in proportions varying 
from 20-30% of the mixed fatty acids (stearic 
acid is usually also present in these fats) : 
Penfacleihra species (West Africa and Brazil), 
Nephehum species (rambutan and pulasan 
tallows. East Indies), Sapindua trifoliatua (soap- 
nut, India), and Schleichera tnjuga (kusum or 
macassar, India). 

The nut of the coral tree of India, Adenanthera 
pavonina, contains fat in which 25% of the acids 
consist of hgnoceric acid. 

{g) Seed Fats : Chaulmooora Group (v. 

Vol. II, 5216). 

These fats, which are almost sohd at the 
ordinary temperature of temperate climates, 
are not produced in quantities comparable with 
many of the more familiar vegetable fats and 


fatty oil. They are specifically important, 
however, owing to their therapeutic value in the 
treatment of certain diseases, notably leprosy; 
and they are interesting because they contain 
acids (chaulmoogric, hydnocarpic, and gorlic) 
which contain a eyeZopentenoid rmg-system at 
the end of the cham of carbon atoms, and thus 
possess the general formula 

CsH^LCHJn-COOH 

(c/. p. 126). The fats of this group all occur 
in the seeds of species belonging to the family 
Flacourimcem^ but it should be noted that some 
other seed fats of this family do not contain 
glycerides of these cyclic acids and are ordinary 
fatty oils of a “ semi-drying ” or “ drying ” 
nature in which the chief acidic components are 
oleic, linoleic, and linolonic acids. The fats of 
the chaulmoogra group are characterised by 
fairly high optical rotatory po^ver (dextro- 
rotatory). The properties of the chief members 
are outhned in Table IX. 


Table IX. — Seed Fats of the Chaulmoogra Group. 


(i) General Characteristics 


F.it 

8pc( ics 

Habitat 

Eat 

con- 

tent 

(seed), 

o/ 

o 

M p , 

'0 

[a]v 

Sap 
\ alue 

Iodine 

value. 

Chaulmoogra. 

Taraktogenos kurzii 

K Indies 

55 

33-30 

f 44 to 5r 

197-208 

97-105 

Lukrabo. 

Jfydnocarpus anthel- 
miniica 

Siam, E IndicH 

18-20 

23-25 

1-51 to 54” 

201-212 

83-91 

Hydnocarpus, 

Maratti 

Gorll. 

H unghtiana 

E Indies 

41 

28-32 

-f 54 to 04” 

197-208 

93-103 

Oncoba echinata 

Central Africa. 

46-47 

35-15 

+ 56° 

100-192 

98 

Sapocalnlia 

1 

Carpotroche 6rasi- 
liensis 

Bia/al 

65-70 

21-23 

1 53° 

184 

75 


(ii) Component Acids (Colo and Cardoso, J Amer Cheni Soc. 1938, 60, 614, 617 

1939, 61 , 2351, 3442) 


Fat. 

Palinitie, 

C 16 H 32 O 2 

Oleic, 

C 18 H 34 O 2 

Hydnocarpic, 

C 16 H 28 O 2 . 

Oliaulnioogric, 

C 18 H 32 O 2 . 

orllc, 

C 18 H 30 O 2 . 

Chaulmoogra 

4 0 

14 6 

34 9 

22 5 

22 6 

Lukrabo. 

75 

12 3 

67 8 

8 7 

1 4 

Maratti 

1 8 

6 5 

48 7 

27 0 

12 2 

Gorll. 

78 

2 2 

nil. 

74 9 

14 7 

Sapocainha 

66 

63 

45 0 

24 4 

15 4 


II. tlQUID FATS (FATTY OILS). 

(a) Oleio or “ Non-drying ” Type. 

In a number of important vegetable fatty oils 
oleie acid forms the greater part of the fatty 
acids, accompanied by varying and subordinate 
proportions of hnoloic acid and of saturated 
acids (often almost wholly palmitic acid) 
These oils, which are relatively stable to atmo- 
spheric oxidation and are therefore termed 
“ non-drying ” oils, have a vanety of uses and 
fall mto several classes : 

(i) Olive oil, important as a salad and edible 

oil, for soaps, and as an oil used m 

certain textile industries ; 

(ii) Almond oil and some closely related oils, 

used mainly in cooking and pharmacy ; 

(iii) Groundnut oil, used very largely in 

margarme and some cooking "fats; 


hydrogenated groundnut oils are also 
much used in pastry and similar fats ; 

(iv) The rape and mustard oils, which contain 

erucic as well as oleic acid and have a 
number of specific apphcatiops ; 

(v) Castor oil, which possesses special 

properties owmg to its high content of 
ricmolcic (hydroxyoleic) glycerides. 

In discussing the chief fats in each of these 
groups, references are given to other fats of 
similar composition which might be considered 
as possible supplements or substitutes in each 
class. 

(i) Olive Oil (v. this Vol., p. 91a). 

Most of the olive oils of commerce, from the 
Mediterranean littoral or California, have as 
component acids 77-84% of oleic acid, with 
about 10-12% of saturated acids (mainly 
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palmitic) and 7-8% of Imolcic acid , a few ods, 
chiefly from certain Mediterranean islands, have 
been observed to contain less oleic acid (65-70%) 
with about 15-20% of palmitic and 10-15% of 
linoleic acids. Apart from occasional and very 
small proportions of tripalmitin and oleo- 
dipalmitin the ohve-oil glycerides are con- 
stituted on “ evenly-distribiitcd ’* lines and the 
amount of triolein tends towards the minimum 
possible. The usual types of olive oil only con- 
tain 35-40% of triolein, and the vaneties with 
lower oleic acid content practically none. The 
rest of the oil consists largely of Imoleodiolem 
and palmitodiolem 

Genuine olive oils contain about 0*8-1% of 
unsaponifiable matter, the iodine value of which 


(200-220) is much higher than that of the un- 
saponifiable matter in any other vegetable fat. 

There are a number of other seed fatty-oils 
which, so far as general composition goes, 
resemble olive oil more or less closely and 
ought therefore to be able to replace it in at all 
events some of its applications Particulars of 
some of these fats, in addition to thoJb for olive 
oils, are given in Table X. 

Of the fatty oils in Table X, avocado pear and 
patua palm oils, like olive oil, are fruit-flesh 
fats; the rest are seed fats. Michelia, loofah, 
and kadam oils resemble olive oil in their oleic 
acid content, but are more akin to groundnut oil 
and cottonseed oil (v. infra) in their fairly high 
contents of saturated acids. 


Table X. — Oleic (“ Non-drying ”) Fatty Oils . Olive-oil Type. 


Fat 

Species 

Habitat 

Fat 

con- 

tent, 

% 

Sap 

value 

Iodine 

value 

Chief component acids 

Satu- 

rated, 

0/ 

/o 

Oleic, 

o 

/O 

Lino- 

leic, 

o 

/o 

Olive 

Avocado pear 
Patua palm 
I'caficcd 
Miciielia 

Loofah 

Kadam 

Olea Evropcea 

Persea grattumma 
(KnocarpuH pataua 
Thea sinemu 
Michelia champaca 
Jjuffa ap 

Tncosauihes kadam 

Mediterranean 
countries, etc 
Sub-tropics 

Brazil, etc 

I ndia, China, etc. 

E Indies 

Africa, E Indies 
Tropics 

30-60 

10 

10 -20 
25-40 
30 

40 

65-70 

189- 195 

180-186 

190- 200 
188-195 
196-199 
188-190 
195-197 

80 -85 

80-90 

80-95 

88 -94 

65-70 

90-100 

70-80 

r 9-12 
115-20 
8 

15 

8-9 

30 

20 

20 

77-84 

65-70 

80 

80 

83-84 

70 

80 

80 

4-9 

10-15 

11 

4 

7-9 


(ii) Almond Oil and Some Related Oils, 

(v. Vol I, 259c, 260a). 

Several other cultivated species of Prunus 
and related genera of the rose family yield seed 
fats closely similar to almond oil, and are noted 


in Table XL The chief component acids are 
oleic (usually 65-75%), with varying proportions 
of Imoleic (20-40%) and very small amounts 
(5-10%) of saturated (chiefly palmitic) acid. 


Table XI — Oleic (“ Non-drying ”) Fatty Oils Almond-oil Type 





Fat 

con- 

tent, 

/o 

Sap 

V aliie 


Chief component acids 

fat 

Species 

Habitat 

value 

Satu- 

rated, 

% 

Oleic, 

% 

Lino- 

leic, 

% 

Almond (r 

Vol I, 259c, 
260a) 

Prunus amygdaluR 

Temperate and 
sub-tropiC8. 

40-55 

188-192 

93-100 

3-5 

77 

17-20 

Apricot (v 

Vol I, 253a) 
Peach 

P armemaca 

P persica 

Temperate and 
sub -tropics 
Temperate and 
sub- tropics 

40-45 

32-35 

188- 198 

189- 196 

96-112 

92-110 

4 

64 

32 

Plum. 

Cherry (v 

Vol III, 25c) 

P domestica 

P cerasus 

Temperate. 

»» 

40-42 

30-40 

188-198 

190-198 

91-104 

110-115 

6 

72 

2t 

Cherry laurel 
(V Vol III, 
26a) 

P, laurocerasus. 

Sub-tropics. 

25-30 

190-195 

110 

14 

73 

13 

PortuKucse 
laurel * 

P lusitanica 

>» 

25-30 

190-195 

115 

10 

58 

32 

Quince 

Cydoma vulgaris 

Temperate. 

15 

ao 

CO 

6 

X 

113-12(1 

9 

45 

42 


(iii) Groundnut (Arachis, Peanut, 
Earthnut) Oil (v. Vol. I, 454c). 

The component acids of groundnut oil in- 
clude 65-65% of oleic acid with about 17-26% 
of hnoleic acid ; the proportion of hnoleic acid 
appears to depend on the source of the nuts, 
some of the West African oils having the lower 
contents of 20% or less. Of the 16-20% of 
saturated acids, palmitic usually amounts to 
6-8% and stcanc 3-6% ; the remaining 6-7% 


consists of arachidic, behenic, and hgnoceric 
acids, which are characteristic minor components 
of this oil. The glycerides are of the “ evenly- 
distributed ” typo, and in an average ground- 
nut oil are made up of about 25% of Imo- 
leodiolein, 20% of triolein, and 65% of glycerides 
containing two unsaturated and one saturated 
fatty acid. 

Hydrogenated groundnut oils, of iodine value 
from about 50-70, find application in the manu- 
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facture of '* shortenings ” or vegetable cooking 
fats employed as substitutes for lard in pastry, 
biscuits, etc. Both groundnut oil itself and 
lightly hydrogenated groundnut oil are also 
used in the fried-lish industry (see also Vol. IV, 
2516 ; VII, 193d). 

The general characteristics of groundnut oil 
and of some other seed fats which resemble it 


in their contents of saturated and linoleic acids 
are given in Table XII. The component acids 
of the two main types of groundnut oil are 
illustrated in Table XII. Of the three other 
oils quoted, only that of the Tonka bean re- 
sembles groundnut oil in containing appreciable 
proportions (about 14%) of arachidic and higher 
saturated acids in its glycerides 


Table XII — Oleic (“ Non-drying ”) Fatty Oils : Groundnut-oil Type. 


Fat 

Species 

Habitat 

Fat 

con- 

tent 

(seed), 

0 / 

/o 

Sap 

value 

Iodine 
\ alue 

f'liief component acids 



Lino- 

leic, 

% 

Groundnut 

Arachis hypogeea. 

India, W Africa 

40-50 

189-196 

85-98 

r IS 

1 

56 

65 


Tonka bean 

Ihpten/x odorata 

E Indies 

25 

190-195 

76-80 

25 

60 


Pistachio 

Pi<itacw vera 

Asia 

45-60 

101-192 

H6-0.S 

10 



Cashew nut 

Anacnrdiinn occidentale 

Tropics 

40-55 

187-200 

80-90 

10 
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(iv) Rape and Mustard Oil Group. — 
These fatty oils differ from those discussed above 
in that, in addition to oleic and Imolcic acids, 
they contain considerable quantities (40-50%) 
of erucic acid (J^^.^ocosenoic acid, C 22 H 42 O 2 ) 
in their glycerides. They also frequently con- 
tain more linoleic acid than, for instance, ground- 
nut oil and are on the border line between “ non- 
drying ” and “ semi-drying ” oils. These oils 
occur in seeds of different species of the Brassica 
genus belonging to the family Cruciferae They 
have considerable application as edible oils, 
lubricants and, at least formerly, as illuminants 
for railway and other lamps 
The most important of the group from a 
technical standpoint is rape oil {colza oil)y from 
the seeds of Brassica campestris, cultivated 
widely in south-eastern Europe, India, aijd else- 
where. Oils from other varieties of B, cam- 
pestris, such as ravison or Danubian rape-oil, 
and Jamba rape-oil, are somewhat inferior to 
rape oil, either in consequence of higher propor- 


(v) Castor Oil {v Vol. II, 420a) stands apart 
from the other “ non-drying ” oils, since its 
component acids contain 90% or somewhat 
more of the hydroxyoleic, ricinoleic acid. 
Consequently its glycendes include about 75% 
of trincmolem, the remainder being made up 
of two ncmoleic radicals with one radical of 
palmitic, oleic, or linoleic acid. The hydroxyl 
group in the ncmoleic glycendes causes castor 
oil to be much more viscous than the rest of the 
fatty oils and also to be comparatively soluble 
in alcohol. It is also responsible for the value 


tions of linoleic or linolenic acid, or of the presence 
of organic sulphur compounds which are difficult 
to remove during nffining 

Mustard-seed oils (from B (or Sinapis) nigra 
and alba) are very similar in character to rape 
oil and are produced on a fairly largo scale in 
some parts of India ; but ra]w oil, with an 
annual world production of perhaps 200,000 
tons, 18 the most important commercial fatty oil 
m this group. 

The chief chaiactoristics of these oils are 
illustrated in Table XIII, m addition to the 
major component acids, all the fats contain 
minor quantities of linolenic acid (up to 6 or 
6%) and of saturated acids (3-5%, mainly 
palmitic with traces of behenic or lignocenc). 
Rape-oil glycendes conform with the usual rule 
of “ oven distribution,’* and consist largely of 
a mixture of di-“ oleo ’’-erucins and “ oleo 
dierucins (in which “ oleo may bo either an 
oleic or a linoleic group). 


of castor oil as a lubricant for special purposes 
(notably internal- combustion engines) and as a 
source of sulphated derivatives used in the dye- 
ing industry, as textile detergents, and in the 
leather industry. In addition to these technical 
uses castor oil, in its highest grades, is of course 
largely used in medicine 
The genus Bicinus is practically the only 
source of seed fats rich in ricinoleic acid. 
Glycerides of this acid have only been definitely 
reported in the case of two other fatty oils, the 
seed fat (ivory-wood oil) of Agonandra brasi- 


Taule XIII — Oleic (“Non-drying”) Fatty Oils Rape-oil Type 


Fat 

• 

Habitat 

Fat 

content 

(seed), 

% 

Sap 

value 

Iodine 

value 

Cliicf component acids 

Okie, 

t)/ 

/o. 

TJno- 
Icic, % 

Erucic, 

/o 

Rape seed 

S E Europe, India, E Indies 

35-45 

172-175 

94-106 

17-20 

25 29 

47-51 

Ravison seed 

S E Euroiie 

33 -40 

173-181 

10.5-120 

20 

25 

47 

Jamba rape 

India 

26-33 


95-102 

20 

12 

46 

Mustard, black 

India, Europe 

31-33 

173-176 

96-107 

25 

20 

50 

,, white 


25-36 



28 

15 

52 
















24 


OILS (FATTY) AND FATS. 


liensis (Olacaceic), which is stated to include | 
nearly 50% of ricinoleic acid m its component 
acids, and the seed fat of Cephalocroton cordo- 
fanua (Euphorbiaceao), from the Sudan, which 
contains about 30% of ncinoleic and about 55% 
of oleic acid. 

(b) Linoleio oe “ Semi-dbyino ” Type. 

In the older classification of fatty oils accord- 
ing to their behaviour to atmospheric oxygen 
the term “ drying oils ” was given to those j 
which absorb oxygen more or less readily, but 
when completely oxidised in thin layers are 
converted into a hard, non-sticky film. The 
“ non-drying ” oils, on the other hand, are 
slowly attacked by atmospheric oxygen but, 
even when oxidation at the ordinary tempera- 
ture 18 advanced, remain hquid, albeit with con- 
siderable increase in viscosity. Between these 
two groups come the “ serai-drying oils, which 
take up oxygen more or loss as do the “ drying ” 
oils, but which give final products which are 
stiff, tacky, and semi-gclatinous, and do not 
yield by any means completely hard and rigid 
dried or oxidised oil films. NVodless to say, 
there is no sharp demarcation bctwx'en either 
of the thice groups, and some bordeilmc fatty 
oils have been variously allocated as “ non- 
drying ” or “ semi-drying,” and others as 
“ semi-drying ” or “ drying,” respectively. 

Broadly speaking, the “ non-diying ” oils, 
richest in oleic acid, do not contain more than 
20-25% of linoleic acid ; whilst the character- 
istic “ drying ” oils may bo said always to in- 
clude some linolonic (or other tnethenoid) acid 
m addition to hnoloio acid In the present 
article w'o shall consider as belonging to the 
linoleic or “ semi-drying ” group seed fats the 
component acids of which contain no hnolemc 
acid but include from about 40-70% or more of 
linoleic acid Within this group there are 
perhaps three fairly well-defined kinds of fatty 
oils : 

(i) Oils of the cottonseed typo, in which 
largo proportions (40% or more) of 
Imoloic acid are accompanied by 20% 
or more of saturated acids (usually 
almost wholly palmitic acid) , 


(u) Cereal oils of the maize type, in which the 
proportion of saturated acids is lower 
(usually 12-15%), with somewhat 
varying proportions of hnoleic acid 
(from 40% upwards) ; 

(ui) Seed fats m which 00-70% of the com- 
ponent acids is hnoleic acid. , 

(i) Oils of the cottonseed type. — Cottonseed 
Oil (v Vol III, 408d) IS the most important 
member of this group, since it is available in 
large quantities as a by-product after the fibre 
has been harvested for textile manufacture from 
the cotton crop. Kapok oily from the seeds of 
Enodendron and Bombax species, is very similar 
in composition to cottonseed oil and has been 
used to a certain extent in place of it 

The component acids of cottonseed oil, which 
exhibit remarkable constancy as between 
different varieties of the cotton plant or between 
the crops in different seasons or on different soils 
fiom the same strain of seed, contain 45-50% 
of hnoleic, 25-30% of oleic, 20% of palmitic, 
and about 5% of mynstic and stearic acids. 
The component glycerides are largely mono- 
palmitodiunsaturatcd derivatives, the chief com- 
ponent being probably palmito-oleo-hnolem ; 
about 25-30% of oleolinolcins aio present, to- 
gether with a few per cent, of oleo- or Imoleo-di- 
jialraitins. On hydrogenation the hnoleo-groups 
are noimally converted into oleo- or tso-oleo- 
groujis befoio any substantial conversion of 
oleo- into stearo-groups occurs, so that at a 
certain point the hydrogenated fat will consist 
of about 60-65% of palmitodi-oleins or -^ 5 o- 
olems with about 25-30% of oleo-t5o-oleins ; 
thereafter oleo- and t50-oloo-palmito-stearms 
and oleo- and tso-olco-stearins commence to 
accumulate and eventually, of course, palmito- 
disteanns, oleo- or t6‘o-oleo-distearin8, and tn- 
steaiin. 

Kapok Oil (v. Vol. V, 169a). 

A fairly large number of seoci fats from various 
plant famihes and indigenous to various parts, 
usually tiopical or sub-tropical, have somewhat 
similar compositions to that of cottonseed oil. 
Although few, if- any, of these have so far found 
I technical apphcation, particulars of some of 
1 them are given in Table XIV. 


Table XIV — Linoleic (“ Semi-dbyinq ”) Fatty Oiis Cottonseed Type 





Fat 


• 

Chief component acids. | 

Fat 

Species 

Habitat 

con- 

tent 

(seed), 

O' 

/O 

Sap 
\ alue 

Iodine 
\ aluc 

Satu- 
rated 
(palmi- 
tK), % 

Oleic, 

O' 

/O 

Lino- 

leic, 

O' 

/o 

Cottonseed 

(lOSbUpitim sp 

USA, India, 
Kg> pt 

35-40 

101-196 

103-111 

25 

To -30 

50-45 

Kapok 

Er\(Miendron sp. 

Sudan, K Indies 

3.)-40 

180-196 

80-98 

18-25 

50-45 

30-25 

Kenaph seed 

Hibiscus canna- 
6 m?/ 9 

Fgypt, India 

20-25 

187-100 

90-99 

20 

50 

25 

Okra seed. 

H e^culentiis 

I’ropics 

E Indies 

25-30 

10.5-198 

9.3-100 

30 

45 

25 

Star aniseed 

Illtcxum sp 

15-20 

103-194 

90-93 

25 

60 

15 

Grape ftrmt seed 

Citrus dccumana 

Sub- tropics 

30-40 

197-200 

96-101 

30 

20 

50 

Gon>o almond. 

Anthrocarj/um ! 

nannani 

Congo 1 

65-70 

200 1 

85 

25 

45 

25 

Talisoy. 

Tennimha 

catapva 

E Indies, W 
Africa 

48-50 

186 -200 

77-82 ' 

! 

35 

40 

25 

Melon 

Cucumis melo 

'I'ropics 

30-40 

190-103 

117-130 

15 

25 

55 

Squash. 

Cuciitbiia maxima. 

Sub-tropics 

Tropics 

India. 

45-48 

190-190 

120-130 

18 

35 

45 

Pumpkin 

C pepo 

45-48 

195-190 

126-130 

30 

25 

45 

Water melon 

C vulgans 

35-40 

100-195 

100-110 

25 

45 

25 

Chicory. 

Ctchorium itUybus. 

30-35 

190-196 

120-130 

20 1 

35 

45 
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(ii) Cereal oils of the maize type — The seeds 
of the commonly cultivated cereals have 
endosperms with comparatively low fatty con- 
tents, but the germ usually contains fairly high 
proportions of fat. Little technical use is made 
of the fatty oils, except in the cases of maize 
oil and wl^eat-gcrm oil, the latter bemg valued 
chiefly as a source of vitamm-i?. Data for the 
composition of most of the seed fats of the 


25 

common cereals have been repoited, and some 
of these are given in Table XV. 

Maize Oil (t;. VII, 470c) is usually termed 
corn oil in the United States. 

Most of the cereal oils contain as component 
acids some 12-15% of palmitic and stearic acids 
(mamly the former), the remaining 85% or so 
of acids consisting of oleic and hnoleic acids in 
proportions which vary considerably m different 


Table XV- — Linoleio (“ Semi-drying ”) Fatty Oils : Cereal Type 





Fat 



C'hief component ac ids 

Fat 

Species 

Habitat 

con- 

tent, 

Sap 

V able 

Iodine 

V aliie 

Satu- 

rated, 

Oleic, 

O 

o 

Lino- 

leic, 

0 

Maize Kcrni 

Zea mays 

Suh-tiopies 

40-r>() 

1 88 -103 

117 130 

12 

45 

42 

\N heat genii 

Tiificum vulqare 

'temperate zone‘s 

'flOplCH 

12-17 

183-190 

115-120 

15 

30 

45 -50 

Jtif e 

Oryza sativa 

8-15 

183-102 

100 10^ 

15-20 

40 4'> 

30 40 

H , 11 lev geini 

Ilordeum vulgaie 

Temperate zones 

5 0 

181-183 

115 -12" 

15-17 

20 30 

55 00 

Oat germ 

Arena satira 

>♦ »> 

4 5 

180-192 

105-115 

10 

00 

30 

Itje gcim 

Secale cereale 


8-11 

185 J0( 

100-105 

15 20 

20 35 

50 00 


species, and frequently in the endosperm and 
germ oils of the same species. 

(ill) Seed fats containing 50% or more of 
hnoleic acid — A number of technically useful 
oils belong to this group, in which (as in cotton- 
seed oil) hnoleic acid is the chief component, but 
here it usually forms more than half of the total 
fatty acids , oleic acid is also generally present 


m fairly large proportions, the saturated acids 
(palmitic and stearic) being correspondingly 
comparatively small in proportion. So8am6, 
sunflower seed, poppy seed, and perhaps niger- 
seed oils are those which have found application 
in the fat industries, but a number of other seed 
fats fall m this group and are listed for refeionce 
in Table XVI. 


Table XVI. — Linoleic (“ Semi-drying ”) Fatty Oils Containing 50% or More of 

Linoi.eic Acid. 





Fat 



C'liiei eomponent ac nls 

Fat 

Species 

Habitat. 

con- 

tent, 

o 

/O 

Saj) 

\ aliie 

Iodine 

value 

Satu- 

rated, 

/t> 

Oleie, 

/() 

Jano- 

*leie, 

Sesaiii6 

Sesamum indicum 

India, E Indies, 

50 55 

188-195 

103-112 

15 JO 

37- 1 5 

40 47 



Asia Minor, etc 







Sun flow ei seed 

Hebanthin annus 

S E Europe, Asia, 

22-32 

180 194 

127-130 

7-10 

30 35 

55-65 



S Africa 







PopI)j seed 

Pa inner somni- 

India, Peisia, 

45 50 

189-190 

132-143 

8-10 

25 30 

62 65 

feriim 

(’hina, etc 







Niger seed 

(Juizotia ahyssimca 

India, (Central 

35 40 

180-198 

120-131 

9 12 

20-35 

55 70 

Viiib vimjera 

Afiica 

Sub-tropicB and 

20-22 

189-200 

125-140 

8-15 

20-35 

50-70 

Grape seed 

mild temperate 









zones 







Henbane 

Jlyoscyamini niger 

Europe, etc , 

34- 35 

180-188 

132-138 

7 

10-20 

73-82 

Tobacco seed 

Nicotmna tabacum 

Sub- tropics 

30-35 

103-198 

130-142 

8-15 

17-28 

50-75 

Belladonna 

Atropa belladonna 

Europe, etc , 

10-15 

191-195 

138-145 

8 

25 

67 

Thorn apjde 

Datura stramonium 

Sub-tropics 

20 -25 

180-194 

109-113 

11-12 

33 40 

45-55 


Sesame Oil (teel oil) is produced on a fairly 
extensive scale (100,(XK)-1 50,000 tons annually) 
from seed grown in India, China, the East 
Indies, the Levant, and parts of East and West 
Africa. It IS used as a margarine fat, and in 
some countries the presence of a proportion of 
sesam^ oil in margarine is compulsory in order 
that the margarine may be readily detected as 
such by the apphcation of the Baudoum colour 
test, characteristie for sesam6 oil {v, Vol. II, 
1676). 

Sunflower-seed Oil is on the borderhne 
between “ semi-drying ” and “ drying ” oils, 
but does not contain any hnolenic acid. The 
chief source of the seed is Southern Russia and 
some of the Balkan countries, but it is also grown 


elsewhere in Eastern Europe and in parts of 
Asia and South Africa. The seed contains 
about 30% of oil, and the annual production of 
the latter is probably of the order of 250,000 
tons. Sunflower-seed oil, after refining and 
deodorising, yields a product notably free from 
colour, odour, and flavour which, in spite of its 
rather high hnoleic glyceride content, is useful 
as a margarine fat. The oil is also employed 
for soap, and has also been used, blended with 
linseed oil or other drying oil, as a paint oil. 
Sunflower -seed cake, after extraction of the oil, 
has high value as a cattle food. 

Poppy-seed Oil (v. Vol. IV, 85d). 

Nlger-seed Oil, a West African product, has 
appeared on the marke^^ as an oil which can be 
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substituted for, or better blended with, linseed 
oil or other drying oils for use by the paint in- 
dustries. It contains no hnolenic acid, but its 
content of Imolcic acid approaches 70% of the 
mixed fatty acids, and the bulk of the oil 
appears to consist of dilinoleo-oleins with a 
smaller proportion of dilinolco-saturatcd gly- 
cerides. There appears to be good possibility 
of the development of niger-seed oil or fatty oils 
of similar composition as additions to the oils 
which may be capable of utilisation in paints and 
varnishes 

(c) Linolenic or “ Drying ” Type. 

The fatty oils falling in this group contain, 
in addition to varying and usually substantial 
amounts of Imoleic acid, a certain proportion, 
sometimes large, of the tnethenoid hnolenic 
acid, zl 12 , is.octadecatrienoic acid Those with 
20% or more of hnolenic acid in the com- 
ponent acids of the oils are the typical “ drying ” 
oils, of which hnseed oil is the most common and 
the best known Perilla oil is still richer in 
hnolenic glycerides, whilst other seed fats, 
including the fatty oils from stilhngia, hemp, 
rubber, and candlenut seeds, contain from 
15-30% of hnolenic acid and are characteristic 
“ drying ” oils. Finally, there are a number of 
other fatty oils which are less effective in their 
drying properties and, from this point of view, 
approach the oils rich in hnoleic acid (e g , sun- 
flower or niger-seed oils) previously discussed , 
the fatty oils included in the present group are 
differentiated from the latter, however, in that 
they contain small proportions (although in 
some instances only 1 or 2%) of hnolenic acid 

(i) Fatty oils with 60% or more of hnolenic 
acid (linseed and perilla oils) — Linseed Oil (v 
Vol. VII, 320a , see also Drying Oils, Vol. IV, 
886 ). 

The average composition of the mixed fatty 
acids in linseed oil approximates to saturated 
(palmitic and stearic) 10-15, oleic 15-25, hno- 
leic 16-20, and hnolenic 45-55%. The mixed 
glycerides present include about 40% of mixed 
Imoleo-hnolenins, the remaining 00% containing, 
for the most part, one saturated or one oleic 
group and two radicals which may be either 
hnoleic or hnolenic. Nearly all the triglyceride 
molecules thus contain at least two polyethenoid 
groups (of which the greater part is hkely to bo 
hnolcmc radicals), and this doubtless contributes 
to the excellent drying properties of hnseod-oil 
films. 

Raw linseed oil contains a minute, but effec- 
tive, proportion of natural anti-oxidant com- 
pounds v/hich retard the onset of atmospheric 
oxidation and cause the development of a 
prehminary “ induction period ” before drying 
sets in. This effect is obviated by heating the 
oil with lead, cobalt, or manganese linoleates or 
resmates (boiled Itnseed-otl), 

Linseed oil, and other ods containing hnolenic 
glycerides, are also altered by heating at about 
270-290® without oxidation taking place con- 
currently. This process consists in a gradual 
polymerisation of the polyethenoid glycendes, 
probably preceded by isomeric rearrangement 
of non-conjugated into conjugated polyethenoid 
systems. At first conciderable reduction in 


apparent unsaturation (as measured by iodine 
value) takes place accompanied by shght, but 
not marked, increase in viscosity ; subsequently 
slower reduction in iodine value occurs, but the 
oil rapidly becomes much more viscous. These 
heat-poly mensed or “ heat- bodied ” oils are 
known as stand oils. 

Perilla Oil (v. Vol IV, 846) 

(ii) Fatty oils with 15-35% of hnolenic acid . — 
Rubber-seed Oil, from the seeds of Ilevea 
brasihensis, has good drying properties suitable 
for the pamt industry and its use might bo 
extended if the oil were produced on a sufficiently 
largo scale, with modern technique. The present 
production, probably of about 20,000 tons 
annually, is capable of much enlargement since 
the seeds may bo regarded as a by-product of 
the natural rubber industry The whole seeds 
contain about 30%, and the kernels about 50%, 
of fatty oil. The oil as at present imported is 
frequently dark-coloured and often contains 
several per cent, of free fatty acid, whilst the 
unsaponifiable matter includes some hydro- 
carbons of a poly-isoprene character. Collection 
of seed and its extraction by modern procedures 
would doubtless improve the quality of the oil, 
and possibly reduce or eliminate the small 
amount of rubber hydrocarbons present, leading 
to an oil of good value for paints and varnishes 
The fatty acids of lubber-sced oil include 15-20% 
of hnolenic and 35-45% of hnoleic acid 

Stillingia-seed Oil (v Vol 111, 336) 

Candlenut or Lumbang Oil (v. Vol. II, 
2626) Although belonging to the genus 
AleunteSy other species of which are rich in the 
conjugated ehcosteanc glycerides (v infra), 
this seed hit of A. moluccana contains none of 
the latter, but its component acids include 
about 29-30% of hnolenic and 40-50% of hno- 
leic acid It IS a “ drving ” oil of similar nature 
to the two preceding fats, and its production is 
capable of development on a considerable scale 

Hemp-seed Oil (v Vol VI, 203a). The com- 
position of hemp seed oil seems to vary some- 
what, 15-30% of hnolenic acid and 50-70% of 
hnoleic acid having been reported in its com- 
ponent acids. 

The seed fats of Sweet Basil, Ocimum basihcum, 
grown m India, and of the Mexican Chia, Salvia 
hispanica, and other members of the sage family 
grown in India, have similar fatty components 
to the preceding oils, and there are probably 
other members of the Lahiatse and of other plant 
families, whose seed fats fall within this or the 
previous group, and would be capable of func- 
tioning as technical “ drying ” oils. 

(ill) Fatty oils with less than 15% of hnolenic 
acid — Walnut Oil, hke poppy-seed oil (v. 
Vol. IV, 85d) has been a favourite medium with 
artists for paints, owing to its pale colour and 
the absence of development of colour in the 
dried oil film. It forms over 60% of the kernels 
of the walnut, but the annual production is 
relatively small. The component acids include 
only 2-3% of hnolenic with about 60-70% of 
hnoleic acid, and the oil is comparatively slow 
m “ drymg.’* 

Safflower Oil (Vol. IV, 866), from safflower 
seeds grown mainly in India and in South- 
Eastern Europe, is a “ drymg ” oil of similar 
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composition to walnut oil. The potential pro- 
duction of the oil IS quite large and the best 
safflower oil is pale -coloured and of high quahty 
when refined, but hitherto it has not been used 
in Europe on any very extensive scale. 

Soya-bean Oil (v. Vol. IV, 84d; VII, 194a) 
IS a very important oil, classed more often as a 
“ semi-dry mg ” than as a “ drying oil, but 
which in virtue of its small Imolemc acid con- 
tent has definite drying properties and has been 
used for blending with or “ extending ” Imsced 
oils. It IS also serviceable as a margarine fat 
and, when partly hydrogenated, is used both in 
margarine and cooking (“ shortening ”) fats, 
whilst the raw and partly hydrogenated oils also 
find apphcation as soap-malung materials. Soya- 
bean oil forms 15-20% of the endosperm of the 
soya bean, a leguminous plant indigenous to 
Manchuria and Northern China, and now culti- 
vated in many parts of the world, including the i 


United States, the East Indies, South Africa, 
and some other parts of the British Empire; 
the climate and soil of Great Britain, however, 
appear to be unsuitod to the soya bean as an 
economic crop The composition of the oil 
varies somewhat with the locality m which it is 
cultivated, but on the average the component 
acids include 5-6% of hnolonic and somewhat 
over 50% of linoleic acid. 

Amongst other fatty oils which, hke the above, 
contain 50% or more of Imoleic acid together 
with a few per cent, of hnolonic acid, and there- 
fore share the properties of moderately good 
“ drying ” oils, may be mentioned Argemone oil 
from the prickly poppy found in Mexico, the 
southern parts of the United States, the West 
Indies, India, etc. It forms about 35% of the 
seeds and could be produced in quantity. 

The general chai acteristics of the foregoing 
oils are summarised in Table XVIt. 


Table XVII. — ^Linolenic (“ Drying ”) J^'atty Oils. 





Fat 



Chief component acids 

I’at 

Species 

Habitat 

con- 

tent, 

O 

/O 

Sap 
\ alue 

Iodine 

value 

Satu- 

rated, 

% 

Oleic, 

O' 

/O 

Lino- 

leic, 

0 

/o* 

Lino- 

lenic, 

O' 

/O 

Linseed 

Jjinurn untatib- 
8imnm 

Argentine, 

Russia, India, 
USA, 
Canada, etc 

35-40 

189-100 

170-185 

10-15 

15-25 

15-20 

45-55 

Ponlla 

Penlla ocimoides 

Japan, E Indies 

35-45 

187-197 

180 -206 

7-10 

15-20 

0-10 

65-70 

N *gart seed 

Tetracarpidium 

conophorum 

Nigeiia 

45-50 

195-200 

200-206 

7-10 

13 14 

12-16 

03-65 

Rubber seed 

Uevea brasi- 
hensis 

S America, E. 
Indies 

50 

186-196 

127-144 

17-20 

25-30 

35-45 

15-25 

Stillmgia seed 

Stilhngia seln- 
fera 

Aleurites miduc- 
cana 

China, India 

40-50 

203-210 

140-170 

7-9 

12-16 

46-53 

28-29 

Candlenut, 

limibang 

E Indies, Brazil 

55-65 

189-195 

155-105 

9-10 

10-30 

40-50 

20 -30 

Herapseed 

Cannabis sativa 

Russia, S E 
Europe, India, 
N America 

30 35 

190-195 

145-165 

9-10 

10-15 

50-70 

15-30 

S^\eet Basil. 

Ocimum basih- 
cum 

India 

25 -30 

190-105 

150-165 

7 

11 

GO 

21 

Uhia seed 

Salma hispanica 

Mexico 

25 35 

100-195 

180-190 

8 

'I'races 

49 

42 

Walnut 

Juglans regia 

7’enipcratc and 
sub-tropies 

03-65 

190-197 

140-150 

6 8 

20 30 

60-70 

2-3 

Safflower 

Carthamus tinc- 
torius 

S E Europe, 
India. 

25 32 

187-194 

130-150 

5-10 

17-26 

68-71 

1-3 

Soya bean 

Soja hispida 

Asia, USA, 
etc 

15-20 

190-193 

124-133 

12 13 

25 30 

50-55 

5-8 

Argemone 

Argemone mexi- 
cana 

Mexico, India 

34-38 

187 -190 

119-122 

15 

22 

48 

1 


{c(] Conjugated (“ Drying ”) Type. 

There remain a few interesting “ drying ” oils 
which differ m character from the hnolenic group 
because their glycerides contain large amounts 
of the tri- conjugated ela30stearic or licanic (keto- 
elaeostearic) acids or, in a few rare instances, of 
the conjugated tetra-ethenoid parmaric acid. 
By far the most important of these is China- 
wood or tung oil. 

Tung Oil (Ghina-wood oil) (v. Vols. I, 1986; 
IV, 82c, 896). 

Elaeostearic acid forms about 80% of the com- 
ponent acids in tung oil, which therefore con- 
tains a fair proportion of the glycendo tri- 
elseostearin, the rest of the fat consisting of 
glycendes containing two elseosteanc groups 
with one of oleic or saturated (e.gr., palmitic) 
acid. On exposure to air these glycendes 


oxidise and polymerise to yield films of a more 
massive character than linseed-oil films. 

Tung oils have a saponification value of about 
189-195 and an iodine value (Wijs) of 160-180, 
but the latter is low and indefinite, since the 
Wijs or Hanus reagent does not interfifct quanti- 
tatively with the conjugated unsaturated groups. 
Use of a special iodine- value technique (Woburn) 
gives more accurate values, but better methods 
of estimation of conjugated unsaturation in tung 
and similar oils consist in the determination of 
the maleic anhydnde value or of the intensity 
of the absorption spectrum band at 270 m^. 
(c/. p. 14d). The presence of the conjugated 
unsaturated system causes tung oil to possess a 
higher refractive index 1*523) than oils in 
which this system is not present (e.g., hnseed 
oil, wj,® 1*484). 
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Other seed fata which have been observed to 
contain substantial proportions of elaeostearic 
acid include the following : 

Bag! lum bang Oil, from the seeds of Aleurites 
irisperma, a species grown in the Philippine 
Islands and the East Indies, and contammg m 
its fatty acids nearly 70% of elaeostearic acid, 
and about 15% each of saturated and of oleic 
acid. 

Essang Oil, from the seeds of Rtcinodeudron 
africanum, a West African shrub whoso kernels | 
contain about 50-65% of oil, the component 
acids of which include about 50% elaeostearic, 
10-16% each of saturated and oleic, and about j 
25% Imoleic acids. 

Neou Oil, from the seeds of Parinarium 
macrophyllum, also a West African plant, con- 
tains only about 30% of ola?ostcaric acid, with 
about 10% saturated, 40% oleic, and 15% 
Imoleic acid ; whilst po-yoak oil, from the 
related P. sherbroense^ contains 32% elaeostearic, 
8% oleic, 12% saturated, the remaining 48% 
being licanic acid. 

Licanic or keto-olacostcanc acid is, however, 
the chief component acid in the seed fat of 
Licania rigida^ a forest tree which grows abun- 
dantly m parts of Brazil This seed fat is 
termed Oiticica Oil, and has come into some 
prominence recently as a substitute for tung 
oil (y Vol. IV, 84a). Its component acids are 
made up of nearly 70% licanic, with 6-6% oleic 
and 11-12% saturated acids, it contains com- 
paratively little tri-keto-oloDostoann, the bulk 
of the oil consisting of glycerides with two keto- 
eljeostearic groups and an oleic or palmitic 
group. Consequently it dries and gelatinises 
somewhat more slowly than tung oil. Moreover, 
the presence of the hydrophilic keto-group 
appears to affect the properties of the oiticica 
varnish film, which is more permeable to moisture 
than a tung oil film 

In addition to po-yoak oil from the West 
African Parinarium sherbrosnse (referred to 
above), the seeds of an East Indian species, 
P. corymbosum, are rich in licanic-acid glycendos, 
the component acids of this seed fat including 
about 60% of licanic, 16% elajostearic, 5% 
linoleic, 8% oleic, and 12% of saturated acids. 

Reference should be made finally to two seed 
fats of other species of Parinarium (P, glaber- 
nnum and P. laurinum) which are reported to 
contain large quantities (70% or more) of the 
conjugated J Mi. is, i^.octadecatetraenoic or pan- 
naric acid. These seed fats are apparently solid 
at the ordinary temperature, but are obviously 
of considerable interest as regards their possible 
properties* for example, when blended with dry- 
ing oils of either the bnseed oil or the tung oil 
groups. At the moment, however, they remain 
in the category of rare seed-fats, the uses of 
which have not yet been exploited. 

LAND-ANIMAL FATS, 

I. BODY FATS. 

Body Fats of Pigs, Ox, and Sheep. 

The general features of the composition of the 
body or storage fats of land animals have already 
been described (pp. 6c-86. and Table I). So far 


as individual fats of technical importance are 
concerned, only those of the pig (lards), ox, and 
sheep (tallows) require detailed attention since, 
with bone fats and neats’-foot oil (v. Vol. VI, 
280d), these are practically the only animal 
body-fats which find industnal use at present. 

Pig Body-fat (see also Lard, VII, 
185c) is deposited chiefly in the subcutaneous 
tissues of the back and rump, and as peri- 
nephric fat surrounding the kidneys. 

The lodme value of permephric pig-fat ranges 
from about 48-53, and that of the innermost 
layers of the back fat is similar ; but the outer 
layers of back fat are more unsaturated and 
may have iodine values up to about 65-70. 
Consequently lards produced from different sites 
in the animal may vary a good deal m con- 
sistency, from the very soft outer back-fats to 
the pennephric fats which are firm, although 
by no means hard, white solids at the ordinary 
temperature. Such variations have been found, 
on detailed analysis of the component fatty acids 
of pig body-fats, to consist almost wholly m the 
replacement, as it were, of some of the oleic 
acid present in a pig outer back -fat by stearic 
acid in the case of more saturated pig-fats 
Thus the total fatty acids of a perinephric or of 
an inner back-fat from a pig may include 40- 
44% of oleic and 16-13% of stearic acid, whilst 
those of the outermost layers of back fat may 
contain 46-52% of oleic and 13-8% of stearic 
acid. The other mam component acid is 
palmitic, the content of which is relatively con- 
stant at about 26-30% but may fall some units 
per cent below the lower bmit given in the case 
of very soft outer layers of back fat. There are, 
in addition, a few minor component acids present 
m pig body-fats as follows : octadecadienoic (in- 
cluding ordinary Imoleic acid and probably 
isomeric forms) 6-13%; myristic 1-2%, tetra- 
docenoic traces, hexadeconoic 2-3%, and highly 
unsaturated acids of the Cgo and C 22 series, 
1-2%. The proportions of these minor com- 
ponent acids vary but httle with the source of 
the fat ; but the higher quantities of octadeca- 
dienoic acid have only been observed in the 
case of sows several years old when killed. 

The above figures for component fatty acids 
refer to fats from pigs fed on diets low in fat ; 
it has been shown (Hilditch and Pedelty, 
Biochem. J. 1939, 33, 493) that in these circum- 
stances very much of the body fat has been 
synthesised in the ammal from non-fatty (carbo- 
hydrate) constituents of the diet. Typical data 
for pig body-fats of this nature are quoted from 
the work of Hilditch and colleagues m Table 
XVIII. 

Animals are able to assimilate and store fats 
present as such in their diet, and the pig is a 
particularly good illustration of the fact that 
directly assimilated fat, as well as fat syn- 
thesised by the animal, is utihsed as body or 
depot fat. Some data given by EUis and co- 
workers (J. Biol. Chem. 1926, 69 , 239; 1930, 
89 , 185 ; 1931, 92 , 385), summarised in Table 
XIX, show that m extreme instances of fatty 
diets the greater part of the body fat is derived 
from dietary fat, and mcludes dome of the specific 
fatty acids of the latter which are not present 
m ordinary pig-fats. 
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Table XVIII — Component Acids (% \vt ) of Body Fats of Pigs on Low Fat Diets. 


Fat 

• 

Sex 

Age 

Iodine 

value 

Component acids. 

Myns- 

tic, 

o> 

/O. 

Palmi- 

tic, 

% 

Stearic, 

O/ 

/O 

Hexa- 

deeenoic, 

0 / 

/O 

Oleic, 

O' 

/o 

Octa- 

deca- 

dienoic, 

/o 

C 20-22 

unsatu- 

rated, 

% 

Perinephric 

H 

7 inontlis 

52 4 

1 1 

30 4 

17 9 

1 6 

41 2 

6 7 

2 1 

,, 

bI 

y 

56 4 

0 9 

29 3 

17 4 

2 1 

40 3 

8 1 

1 9 


y 

Sevcial years 

59 0 

3 9 

27 7 

17 0 

* 

35 7 

13 7 

1 4 

Inner back 

F 

6 montlis 

54 3 

1 0 

30 1 

16 2 

3 0 

40 9 


1 7 

i» >* j 

M 

0 

58 9 

09 

27 5 

15 1 

1 9 

44 2 


3 1 


H 

Several years 

03 0 

2 8 

25 5 

14 5 

• 

42 8 


1 4 

Outer bu( k 


6 months 

60 0 

1 3 

28 3 

11 9 

2 9 

47 5 


2 1 

M 

M 

7 

58 8 

0 7 

25 3 

13 1 

2 1 

51 0 

53 

2 5 


M 

y 

63 9 

1 0 

26 5 

12 8 

2 1 

46 8 

7 9 

29 


F 

Several j ears 

70 4 

26 

23 8 

10 1 

* 

46 3 

15 2 

20 


F 

>} )i 

72 6 

38 

20 3 

7 9 

♦ 

54 1 

13 0 

09 


• Hcxadocenoic included with oleic ac Id 


Table XIX. — Component Acids (% \\ t ) of Body Fats of Pigs on Fatty Diets. 



Iodine 

value 



(^hiet 

component aeid^ 



Diet 

M j 1 istie, 

/U 

Pdlimtic, 

Stearic, 

% 

Viaeliidic, 

0 

/O 

Oleic, 

Linoleic, 

0 

/O 

Lmo- 
lenic, % 

Basal diet low in fat 

58 8 

0 7 

25 2 

12 7 

— 

54 4 

70 

— 

>> >> 

(»() 6 

1 7 

25 5 

1.1 7 

• — ■ 

50 2 

8 9 

— 

Basal diet -M2% 
cottonseed oil 

77 4 

1 1 

13 8 

20 5 

— 

31 8 

26 8 

— 

Soya beans alone 

100 6 

0 3 

14 1 

7 9 

— 

38 9 

38 3 

0 5 

Groundnuts alone 

^4 1 

0 4 

15 5 

7 5 

0 2 

56 9 

19 5 



The most abundant component glyceride of 
pig body-fats is palmitodioloin, which foims 
45-65% of the whole fat ; oleopalmitostearins 
come next, amounting to 25-35% of the fat. 
The remaining 20% is made up of stearodiolein, 
oleodipalmitin, and minor amounts of triun- 
saturated glycerides and palmitostearins The 
proportion of fully-saturated glycerides and also 
of stearo -glycerides is lowest in the most un- 
saturated outer back-fats and increases propor- 
tionately in the harder varieties of perinephric 
and inner back-fats of the jug. The general 
progressive increase in relatively saturated 
stearo-glyceridcs in the steanc-rich depot fats 
of the pig, ox, and sheep is illustrated later in 
Table XXI. 

Ox and Sheep Body -fats, known tech- 
nically as beef and mutton tallows, are similarly 
derived either from the perinephric tissues (suet) 
or from the external subcutaneous tissues of the 
back and flanks of the animals. The best 
qualities of beef tallow, termed premier jus, 
have been very largely used in margarme (v. 
Vol. VII, 609a) ; other grades, made by render- 
ing the tissues at higher temperatures or with 
water m autoclaves, form excellent material for 
soap-making and for conversion to “ steannes ” 
(the distilled saturated — palmitic and stearic — 
acids of the tallow) for incorporation in candles. 
Mutton taUow is similarly employed, but to a 
less extent than the ox fats, for soaps and 
candles. The lowest grades of tallow, from the 
final autoclave or other rendenng of tissues from 
which the better qualities of fat have already 
been extracted, are used in some types of lubri- 
cating greases (v. Vol. VI, 134c). The bones of 


sheep or oxen contain fatty matter which is 
removed prior to their conversion into glue and 
bone meal, and the bone greases so obtained are 
also used in lubrication and, in some of the 
better qualities, as material for lower-grade 
soaps. Commercial bone-fat is usually, owing 
to its source and mode of production, of inferior 
quality, but the composition of fresh bone -fat 
appears to diller but little from that of a soft 
tallow (cf Table XX) 

The iodine values of the perinephric or suet 
fats 18 usually about 40-45, and of the external 
tissue fats from 45-52. The sheep fats tend to 
be somewhat more saturated than the corre- 
sponding ox fats. As in pig fats, variation in 
consistency and iodine value is due to the respec- 
tive amounts of stearic and oleic acids m the 
total acids of the Cjg series, which are relatively 
constant at about (50-66% of the acids of the 
whole fats. The chief component acids of ox 
and sheep body fats are oleic (36-60%), stearic 
(28-14%) and palmitic, which is relatively 
constant in ox fats at 27-33%, and Somewhat 
lower m sheep fat (24-26%). Minor component 
acids include lauric (traces), mynstio (2-4%), 
tetradecenoic (traces), hexadecenoic (1~3%), 
octadecadienoic (not identical with seed fat 
hnoleic, 1-3% in ox, and 3--6% in sheep), traces 
of arachidic and unsaturated C 20 &nd C 22 acids 
m ox fats, and up to 1% of unsaturated C 20 
and C 22 acids in sheep fats. A small proportion 
of the acid reckoned as oleic in both ox and 
sheep body-fats is a sohd isomeric octadecenoic 
acid term^ vaccenic acid (Bertram, Biochem. Z. 
1928, 197, 433). 

It may be added that the above figures refer 
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to fats from animals reared in temperate 
climates, and that exammation of some Indian 
ox depot-fats (Hilditch and Murti, Biochem. J. 
1940, 34, 1301) of unusually low lodme values 
(26-31) has revealed the presence of up to 40% 
of palmitic acid m their component acids, the 


stearic-acid content reaching a maximum at 
about 28%. 

Typical data for the component acids of a 
range of ox and sheep body-fats from various 
countries, and of an ox bone-marrow fat, are 
mcluded in Table XX. 


Table XX. — Component Acids (% wt ) of Ox and Sheep Body FatsT 




Chief component acids 

Fat 


Myristk, 

u 

/o 

Palmitic, 

O/ 

/o 

Stearic , 
o/ 

/o 

Ilexa- 

decenoic, 

/o 

Oleic, 

/O 

Octade- 

cadienoic, 

/o 

C 20-22 

unsatu- 

lated, 

i> 

0\ (Eriiilish, perineplirie, I V 

3.S 7) 

2 7 

30 4 

23 7 

2 1 

38 6 

2 0 

3 races 

„ ( M 

44 7) 

3 3 

24 9 

24 1 

2 8 

41 8 

1 8 

0 5 

,, (Indian, ,, ,, 

31 0) 

2 « 

36 8 

26 8 

2 4 

29 2 

0 9 

0 7 

„ ( „ 

2() f)) 

4 0 

41 4 

24 3 

1 7 

26 4 

1 0 

0 1 

,, (N America, bodj ) 


2 

32 5 

14 5 

* 

48 

3 

* 

„ (S „ ) 

,, (Aiiatralia, ,, ) 


2 5 

25 

20 


47 5 

5 

* 


2 

26 5 

22 5 

* 

49 

— 

* 

Ox (Bone-marrow fat) 


2 7 

32 3 

15 5 

3 7 

43 2 

2 6 

Tiaccs 

Sheep (English, peiine])hiic, I 
( 

n ( „ hodj. 

V 42 7) 

2 3 

26 2 

27 1 

1 3 

38 7 

3 3 

1 1 

,, 48 2) 

2 U 

24 0 

24 9 

3 1 

39 2 

5 2 

0 7 

,, r>() 2) 

4 0 

28 A 

13 5 

0 8 

50 8 

1 9 

0 7 

„ ( 

M ii2()) 

3 8 

27 8 

14 7 

2 0 

46 3 

4 8 

0 6 

,, (Australia, body) 

2 

25 

23 

* 

47 

3 

* 


* Included with oleic acid 


As in pig fats, the chief component glycerides 
of ox and sheep body-fats are palmitodiolems 
(25-55%) and oleopalmitosteanns (40-25%) ; 
stoarodiolem and oleodipalmitin may each con- 
tribute from about 5-15% of the total glycerides, 
palmitosteanns range from about 5-15%, whilst 
the simple triglycerides triolein, tripalmitin, and 
tristeann occur at most only in traces These 
general figures refer to the usual types of tallows 
— the composition of the exceptionally saturated 
Indian ox-tallows is of course difierent It has 
been remarked previously (p 6d) that the 
stearic-rich animal depot-lats are consistent in 


composition with what would result from partial 
hydrogenation or saturation of a preformed 
mixture of palmito-oleo-glyceridcs assembled 
on the hnes of the “ even distribution ” which 
IS prevalent in most other fats This may 
appear more clearly from Table XXI, in which 
the approximate proportions of the component 
glycerides in a series of pig, ox, and sheep depot - 
fats (in which the stearic acid content increases, 
and the oleic acid content decreases, progres- 
sively) are given. In this table the figures refer 
to molar percentages and minor component 
acids are included with major component acids 


T\ble XXI — CoMroNKNT Glycerides (% mol) of Piq, Ox, and Kheep Depot Fats 



Pig, 

back 

Ewe, 

back 

Pig, 

peri- 

nephric 

Ox, 

Eng- 

lish 

Ewe, 

peri- 

nephric 

Cow, 

Calicut 

(’ow, 

Bom- 

bay 

Component acids 








Jhilmitic 

29 0 

31 5 

31 1 

33 4 

27 1 

33 4 

40 8 

Stcaru 

13 8 

14 5 

17 6 

21 4 

25 6 

27 9 

2% 5 

Oleic ( 4 octadeiadienoK ) 

51 1 

47 9 

45 9 

38 7 

40 4 

30 5 

24 0 

Component (ili/cendes 








(i) Triok'iu 

3 

— 

3 

— 

— 

__ 

— 

Stearodiolem 

7 

7 

5 

13 

11 

3 

1 

^lleodisteariii 

— 

1 


2 

2 

2 

— 

(ii) Palimtodlolein 

53 

46 

40 

23 

25 

17 

11 

Oleopalmitostea I m 

27 

28 

34 

32 

41 

38 

34 

Palmitodisteaiiu 

2 

2 

5 

6 ' 

10 

12 

10 

(ill) Oleodipalmitin 

5 

13 

0 

15 

5 

11 

18 

Palmitodistearin 

2 

3 

4 

8 

4 

16 

23 


as follows ; myristic (and lauric) with palmitic, 
arachidic with stearic, and all minor unsaturated 
acids with oleic. 

Horse Body-fat (v. Vol VI, 280a) as indi- 
cated in Table I, is a softer fat than those from 
the ox, and contains ^ little steanc acid with 


relatively high (7-15%) hnoleic or octadeca- 
dienoic acid, whilst in addition small proportions 
{2-5%) of hnolemc acid may be present. Horse 
fat m admixture with pig or beef fats is not eaSy 
to determme as such, but the presence of lino- 
lenic acid may be detected by production of the 
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ether-insoluble hexabromostearic acid (Crowell, 
J. Assoc. Olf. Agr. Chem. 1946, 27, 455), or by 
spectrographic examination after isomerisation 
with alkah (p. 2d), 

The hooves of oxen, sheep, and horses contain 
a fatty oil (neats* -foot or trotter oil (v. 
Vol, VI, 280d)) which is extracted during their 
conversiofl into glue and which has a certain 
technical importance. The name is applied to 
the foot oils from various animals, but strictly 
refers to the fat from the foot of the ox. Neats’ - 
foot oil IS a liquid fat of iodine value 67-73, 
valued for leather-dressing in the highest 
quahties of leather goods, and also (when chilled 
and pressed from deposited solid fats) as a 
high-grade lubricant for delicate machmery such 
as clockwork , as a lubricant, however, it is now 
frequently replaced by light petroleum spindle 
oils. Its uses for both technical purposes are 
governed mainly by the circumstance that the 
oil has practically no “ drying ” properties, 
since it contains practically no Imolcic or other 
polyethcnoid glycerides , further, it contains 
much less saturated acids than the ox depot fats 
(from wdiich it differs entirely in composition) 
and consequently only very small proportions of 
glycerides which separate from the oil at the 
ordinary temperature As already mentioned, 
these small proportions are frequently removed, 
by pressing the refngeiated oil prior to use as a 
lubricant. The chief component acids appear 
to be palmitic (17-18%), stearic (2-3%), and 
oleic (74-76%) (Eckart, Z. Unters. Nahr.- u. 
Genussm 1922, 44, 1) 

Wool ** Fat,” Wool Grease, or Wool 
Wax (v Wool Grease, Vol. VI, 135c) should 
perhaps be mentioned here, if only as a re- 
minder that it IS essentially a wax and not a 
glyceridic fat It is present in raw sheeps’ 
wool to the extent of about 20-30% and must 
be removed in the wool-scouring process before 
the wool can be handled by the textile industries 
Very large quantities of the recovered wool 
grease are therefore available for trade purposes. 
When of sufficiently high quality it is refined 
and, under the name of lanohn, employed as an 
ointment and otherwise m pharmacy ; much of 
the wool grease produced technically is, how- 
ever, dark in colour and unpleasant in odour, 
with a high content of free acids. The material 
18 produced in the sebaceous glands at the base 
of th» hair of the sheep and, in common probably 
with some other glandular secretions (e (/., of 
the ear), is essentially a mixture of ester-w^axes. 
Wool grease eonsists mainly of esters of the 
alcohols cholesterol and i5ocholesterol ; the 
acidic components do not belong to the normal 
aliphatic senes (except in so far as palmitic and 
oleic acids may be very minor components), but 
are mainly saturated, with melting-points lower 
than those of the corresponding acids of the 
n-ahphatic group. The nature of these acids is 
uncertain. According to the most recent work 
(Weitkamp, J. Amer. Chem. Soc. 1945, 67, 447) 
they appear to belong to several series of cu- 
alkyl-substituted long-cham aliphatic acids 
(see also Kuwata and Ishii, J. Soc. Chem. Ind. 
Japan, 1936, 89, 317b; Abraham and Hilditch, 
J S.C.I. 1935, 64, 398t). The acids present m 
largest proportions contain about 26 carbon 


I atoms and belong to the saturated series ; 
hydroxylated or lactonic acids of compositions 
approximating to C 30 H 80 O 4 , CaoHggOg, and 
CigHgoOg are also present in small quantities. 

II. BUTTER OR MILK FATS. 

The milk fats (r. Vol. VIII, 117) of mam- 
mals differ considerably m their composition 
(c/. p. 32). In many animals the milk fat is 
probably not very different from the other body 
or storage fata, in others the proportion of 
low^er saturated acids may reach a combined 
figure of 20-25% of the total acids. The amount 
of butyric and/or other lower saturated acids 
appears to be greatest in the case of ruminants, 
although these also occur in some degree in the 
milk fats of some other animals. Detailed figures 
for the component acids of milk fats are still 
very mcomplote, except in the cases of those 
of the cow and of a few other animals Com- 
parison of the average Rcichert-Mcissl and 
Polensko values of animal milk fats serves, 
however, to give general indications respectively 
of the proportions of butyric and n-hexanoic 
(capioic), and of w-octanoic (caprylic) and n- 
decanoic (capiic) acids. Typical data are as 
follow's 



Ilclchcrt-Mcissl 

PolcllSkc 

Milk fat 

value 

\dllU‘ 

Dog 

1 2 


rig 

1 7 


ilunmii 

14 3 4 

1 r> 2 2 

Mousi* 

2 9 


(’at 

4 4 


lloisc 

7 0 

9 1 

Ass 

13 1 


Itahbit 

19 1 


(’ainol 

19 1 

1 9 

(•oat 

20-29 

3 2 9 S 

Shoe]) 

23 -33 

2 2-9 9 

Buflulo 

29 34 

19 2 4 

Cow 

33-39 

1 3 3 f) 


It will bo noted that human milk-fat contaiiiH 
only traces of the low’er acids characteristic of 
cow milk-fat, and the partially quantitative 
work of Bosworth (J Biol. Chem 1934, 106, 
235) confirms this and also suggests that it is 
closely similar in component acids to a typical 
animal body -fat of the softer type (* e., relatively 
rich in oleic and poor m stearic acid). Recent 
data (Hilditch and Meara, Biochem J 1944, 88, 
29) show that the component acids of human 
milk-fat include decanoic 2, lauiic 6, myristic 8, 
palmitic 22, stearic 9, arachidic 1, tetradecenoic 
0 5, hexadecenoic 3, oleic 37, octadecadicnoic 
(including some linoleic) 8, and unsaturated 
C 20 and C 22 acids 3% (wt.). 

So far as edible fats are concerned, cow-milk 
or butter fat (v Butter, Vol, II, 1616) is of 
course by far the most important. Indeed, 
apart from native butters produced in a few' 
distncts of some countries from the milk of the 
buffalo, or, m some instances, of goats or sheep, 
it 18 the only form of butter fat which is pre- 
pared for human consumption. Its production 
probably still considerably exceeds that of all 
the margarine fats prepared as butter sub- 
stitutes, and for a number of reasons it seems 
hkely to hold its place in popular esteem, m 
spite of the fact that from a nutritional stand 
point, including vitamin content, modem mar- 
garines are undoubtedly^cqual to butter. Apart 
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from any remaining popular prejudice, freshly 
made butter possesses an attractive aroma or 
flavour which is difficult to reproduce completely 
in margarine, whilst by virtue of its specific 
mixture of mixed component glycendes it has 
a spreading capacity or “ spreadability ’* which 
has not yet been equalled in margarines. 

Butter from cows at pasture is normally 
richer in vitamins- A and -D than those from 
stall-fed animals in winter. By feeding appro- 
priate concentrates of these vitamins, or ensiled 
green-fodder still retaining carotenoids from the 
original pasture-grass, however, winter butters 
of enhanced vitamin content can be produced. 

So far as the composition of the fat itself is 
concerned, the chief component acids of cow 
butter-fats (as of the body fats) are oleic and 
palmitic, with subordinate amounts of myristic 
and stearic acids, characteristic (although 
individually small) proportions of butyric, 
caproic, caprylic, and capric acids, and minor 
amounts of lauric and arachidic acids, of an 
interesting senes of lower J^-monoethenoid 
acids of the Cjg, Cjgj and Cj,q series. 


and traces of highly unsaturated Cjq and C22 
acids. A small quantity of diethenoid C13 acid 
present is not identic^ with seed-fat linoleic 
acid, although the latter may also be present 
m traces. 

Data for all the component acids of a wide 
range of cow butter fats are now available, and 
a few typical examples are quoted m TSible XXII. 
Similar data for goat, sheep, and buffalo milk 
fats are also included (some of the minor com- 
ponent acids of the unsaturated series were not 
detenmned m the case of the buffalo milk fat). 
Owmg to the wide variation in molecular 
weight of butter fatty-acids, comparison by 
weight percentages is misleading and therefore 
the molar percentages of the acids are also given. 
It is then seen that, whilst oleic and palmitic 
acids are the mam components, butyric, myristic, 
and stearic acids each contnbute about 10 mole- 
cules out of every 100 molecules of the mixed 
fatty acids of cow butter-fat. It wiU be noted 
that sheep and goat milk-fats contain larger 
proportions of capric (and capryhc) acids, and 
less oleic acid, than cow or buffalo milk-fats. 


Table XX IT — Component Acids of JVIilk Fats. 


(1) Cow Butter Fats. 



Stall-fed 

Pasture 

Stall-fed 

Pasture 



(winter). 

(summer), 

(winter), 

(summer). 



% 

(wt). 

% (wt ) 

% (mol ) 

% (mol) 

Saturated a< ids 









JUit> rit 



3 7 

3 7 

9 

8 


10 2 

(Caproic 



20 

1 2 

4 

1 


25 

Capivlic 



1 0 

0 8 

1 

6 


1 3 

Capric . 



2 0 

1 1 

3 

5 


1 5 

Launc 



1 7 

28 

2 

) 


33 

Mvrlstic 



9 3 

8 1 

9 

5 


8 6 

Palmitic 


25 4 

22 5 

23 

4 


21 1 

Steal ic 


10 7 

11 6 

8 

9 


9 9 

Arachidic 



0 4 

09 

0 

3 


0 7 

Unfiatu rated acids 









Dcceiioic 



0 1 

0 1 

0 

1 


02 

Dodccciioic 



0 1 

0 2 

0 

2 


02 

Tctradecenoic 



1 2 

0 8 

1 

3 


09 

Hexadeccnoic 



5 0 

3 0 

4 

3 


28 

(Meic 


32 4 

36 8 

27 

0 


31 4 

OctadccadieiHUC 



4 0 

5 7 

3 

3 


3 9 

lliisaturated C 20 22 



04 

07 

0 

3 


0 5 

(11) Other Milk Fats 


Buffalo, 

Goat, 

Sheep, 

Buffalo, 

Goat, 

Sheop, 


% ("t ) 

% (wt ) 

% (wt ) 

% (mol ) 

% (mol ) 

% (mol ) 

Saturated acids 









Eutj ric 

4 1 

3 0 

28 

10 9 

7 


7 5 

I'aproic 

1 4 

25 

2 6 

28 

4 

7 

5 3 

Caprylic 

09 

28 

22 

1 5 

4 

3 

3 5 

Caprfc 

1 7 

10 0 

4 8 

24 

12 

4 

64 

Lauric 

28 

60 

39 

33 

6 

} 

45 

Myristic 

10 1 

12 3 

9 7 

10 5 

11 8 

99 

Palmitic 

31 1 

27 9 

23 9 

28 7 

24 

L 

21 6 

Stearic 

11 2 

60 

12 6 

9‘3 

4 

7 

10 3 

Arachidic 

0 9 

06 

1 1 

07 

0 

4 

08 

Unsaturated acids 









liccenoic 


* 

03 

01 

« 

0 

3 

0 2 

Dodecenoic 


* 

03 

0 1 

* 

0 

3 

02 

Tetradccenoic 


« 

0 8 

06 

* 

08 

06 

Hexadeccnoic 


♦ 

26 

22 

* 

2 

2 

20 

Oleic 

33 2 

21 1 

26 3 

27 7 

16 

5 

21 6 

Octadecadlenoic 

2 6 

36 

52 

22 

2 

8 

4 3 

Unsaturated C20-22 



02 

1 9 

* 

0 

2 

1 3 


* Included w'lth oleic acid. 
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Some of the component acids of cow butter- 
fats are subject to certain variations m propor- 
tion, these variations being connected, inter 
alia, with the following circumstances. The 
palmitic acid content, which is normally some- 
what lower than in the depot fats and averages 
perhaps 25% of the total acids, appears to fall 
gradually #ith increasing age and number of 
lactations of the animal ; this decline in propor- 
tion of palmitic acid is compensated for partly 
by a slighter progressive increase in oleic acid 
content, and partly by still smaller increases 
distributed over the lowei saturated and stearic 
acids A more pronounced alteration is a 
seasonal one, due to the change in mode of life 
during winter as compared with summer, when 
the cattle are freely out at pasture. Towards 
the end of the winter the oleic acid content of 
cow milk-fat is at its lowest, but on going out 
to pasture there is an abrupt change both in the 
milk yield, in a slightly lowered fat content of 
the milk, and m the proportions of the chief 
component acids in the milk fat. The oleic 
acid of the last increases in the course of a few 
days at pasture by about 4 or 5 units per cent , 
compensated by shght decreases in most of the 
other component acids, including butyric acid 
Throughout the pasture season the milk fat 
continues to b’o somewhat richei in oleo-glycerides 
than when the cattle are m their winter quarters 
This diffeionce seems to be the result of changes 
lu conditions othci than diet, since cows fed 
during winter on ensiled grass fodder show the 
same variation m milk-fat composition as those 
fed on roots or other typical stall-feed (Hilditch 
and Jasperson, J 8 0 I 1941, 60, 305) 

In addition to the lower saturated acids from 
butyric upwards, cow milk-fats contain pro- 
gressively diminishing proportions of hexa-, 
tetra-, and do-decenoic acids, and decenoic acid, 
the amount of the two last acids being only a 
few fractions of 1%. In all four acids the un- 
saturation is in the J ^-position, as in oleic acid, 
and it IS possible that they represent stages m 
the biochemical transformation of olco-glycerides 
of the blood in which the oleo-radical has been 
shortened, two carbon atoms at a time from the 
non-carboxylic end of the chain, and in which the 
ethenoid bond has escaped concurrent saturation 
to a palmitic, mynstic, lauric, or capric group 
That the milk-fat glycerides are derived from the 
glyceiides in the blood entering the mammary 
gland has been estabhshed by measurement of 
the glycerides in the blood before and after 
passage through the mammary glands of the 
cow (Graham, Jones, and Kay, Proc. Roy Soc 
1936, B, 120, 330 ; 8haw and Petersen, J. Dairy 
8ci. 1938, 21, A, 122). 

When cows are kept without food for a few 
days, marked alteration occurs in their milk -fat 
component acids (Smith and Dastur, Biochem. J. 
1938, 32, 1868). The lower saturated acids, 
especially butyric acid, are much reduced, and 
a large increase in the oleic acid content takes 
place, so that the fat resembles in composition 
a very soft cow- depot-fat much more than a 
normal butter- fat. Similar suppression of 
butyric and the other lower acids, and aug- 
mentation of the oleic acid content, has been 
observed in cows suffering from ketosis (Shaw 
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et ah, J. Dairy Sci 1941, 24, 502; 1942, 26, 
909). 

Like depot fats, the composition of cow niilk- 
fats may be influenced as the result of fats 
assimilated in the feed of the cows. Fats rich 
in oleo-glycorides, such as groundnut, linseed, 
or rape oils, when fed to cows cause an increase 
m the oleic acid content of the milk fat com- 
pensated for by general adjustments in the pro- 
portions of the saturated acids ; as a rule, how- 
ever, the content of butyric and lower saturated 
acids IS not drastically reduced. A curious 
feature is that the linoleic and hnolenic acids 
present in such fatty oils do not appear in the 
butter fat , the milk fat of cow s receivmg hnseed 
oil in their diet, although much richer than 
normal in oleic acid, contained only traces of 
seed-fat Imoleic acid and no detectable hno- 
lenic acid, whilst that of cows receiving rape 
oil also contained only traces of seed-fat linoleic 
acid, although minor amounts of erucic gly- 
cerides were found in the milk fat. The highly 
unsaturated acids of the Cg© and C22 series 
piesent in cod-liver oil pass, however, to some 
extent into the butter fat of cows which have 
received cod-hver oil as part of their diet, and 
appaiently those highly -unsaturated acids aflcct 
the normal metabolism of the mammary gland, 
for the butyric and other lower saturated acids 
are reduced to about half their normal propor- 
tions and the olco-glyceiides are much increased 
above the normal figure, so that the cftect on the 
milk fat of cod-liver oil fed to the cow is similar 
to that produced by inanition or ketosis (Hil- 
ditch and Thompson, Biochem J 1936, 30, 677). 
When cows receive coconut or palm-kernel oils 
as dietary fats, the content of launo and 
mynstic acids m the milk fats is increased, 
lauromyristms from the nut oils evidently 
passing to some extent into the milk fat. 

The component ylycerides of a typical butter- 
fat from cows on summer pasture have been 
given approximately by Hilditch and Paul 
(J.S C.I. 1940, 59, 138). In molar percentages, 
monopalmito-glycerides form about 70%, and 
dipalmito -glycerides about 7%, of the butter 
fat; in other words, the distribution of the 
palmitic acid is very similar to that m ox depot- 
tats (c/. Table XXI, p. 30) The monopalmito- 
glycerides included 

% (mol ) of 
whole fat 


Palmito-mono-C 4 _i 4 -oleia 8 22-30 

Palmito-stcaro-olcins 17-8 

Palmito-diolcin . 17 4 

l)i-C4_i4-palmitinH 0 

Palmito-nioiio-C 4 _i 4 - 8 tcaiin 0 

Palmitodistoarin . . . 1 


The dipalmito-glycerides included oleodi- 
palmitin ca 5%, and monosaturated dipalmitins 
ca 2%. The rest of the fat, containing no 
palmitic glycerides, was made up approximately 
of about 8% stearodiolein, 12% of mono- 
C4_i4-oleostearins, and 4% of di-C4_i4-oleins. 
The distribution of the butyric and other lower 
saturated (“ 04^14 ”) groups in the glycerides is 
thus very widespread, and these groups appear 
to replace part of the oleic and stearic groups 
which are found in the mixed glycerides of the 
correspondmg depot fats. The extensive dis- 
tribution m more than half of the milk-fat 
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glycerides of the short-chain acyl groups in 
molecules which also contain two (or, less 
frequently, one) oleic, palmitic, or stearic 
groups, coupled with the simultaneous pre- 
sence of mixed glycendcs of oleic, palmitic, 
and stearic acids in the other half of the fat, 
probably confers on cow butter-fat its character- 
istic texture and “ spread ability.** 

MARINE-ANIMAL FATS. 

I. FISH (LIVER OR BODY) OILS (v. Vol HI, 
244o-250c , V, 220(^235d). 

The pecuhar and characteristic occurrence in 
manne-animal fats of a wide range of un- 
saturated acids, chiefly of the C^q, C^g, Cgo* a-nd 
Cga senes, with high polyothenoid unsaturation 
in the members of highest carbon content, leads 
to properties which liave given some of the fish 
oils specific industrial applications. In addition, 


certain of the liver and intestinal oils of marine 
animals are comparatively nch (some very rich) 
in vitamins -A and -D and hence have become 
important sources of these vitamins. 

(i) Liver Oils. 

Cod-liver Oil {v. Cod-liver Oil, Vol. 
Ill, 244c ; IV, 5976) is the most Common of 
the industrial fish-hver oils; it was of course 
used medicmally for many years before its 
importance as a source of vitamms-^l and -D 
was understood. Liver oils from other fish of 
the cod or Gadoid family, especially coalfish 
or saith, and sometimes ling and hake, are 
included with cod bvers in the production of 
the medicinal oil; so long as the oils are of 
similar vitamin contents to cod-hver oil the 
product IS equal m value to “ medicmal cod- 
hver oil,” irrespective of the particular species of 
the family from which it has been produced. 


Table XXIIl — Chief Compoeent Acids of Fish-liver and Body Fats 



Fat 

ron- 

tint, 

Fat 

kmIiiic 

N.lllK' 

Un- 

sapoiii- 

llablc, 

(*hicf component acids 

Fish 

Satuiated 

1 Unsaturated 


% 

<)/ 

/o 

C ,4 

Cl6 

Cl8 

1 Cj6 

C,8 

1 C 20 

1 C2J 

1 C 24 





(i) M.n^rOifs 






Cod 

40-05 

155-170 

0 8-1 

3 0 

8 11 

0-1 

10 16 
(-2) 

25-30 

(-3) 

23-30 

(-5 

to 

-6) 

10 15 
(-7 
to 
-8) 


Coalflsh 

40-60 

155-17( 

0 7 1 

0 

12-13 

Tiact s 

10 13 
(-2) 

29-31 

(-3) 

21 26 
(-3) 

10-16 

(-7) 

— 

Ling . 

ca 70 

140 15( 

1 1 

5 

n 

1 

13 

(-2) 

32 

(-3) 

24 

(-6) 

12 

(-7) 

— 

Hake 

ca 50 

150-160 

1 3 

7 

13 

— 

17 

(-2) 

18 

(-3) 

31 

(-5) 

14 

(-7) 

-- 

Halibut 

ca 20 

160-105 

0 6 

t 

15 

1 

10 

(-2) 

34 

(-2) 

14 

(-5 5) 

13 

(-7 5) 

— 

Tunny 

20-25 

155-170 

1-8 


18 

9 

3 

(-2 5) 

24 

(-2 8) 

28 

(-5 5) 

18 

(-7 4) 

— 

Skate . . 

ca 40 

180-100 

0 3 

1 

14 

-- 

10 

( — **\ 

\ *-/ 

20 

(-3 3) 

33 

(-73) 

1!) 

(-0 5) 


Bogflsh 

40-50 

140-145 

10 

6 

10 

3 

9 

(-2) 

CO 

29 

(-3 3) 

12 

(-4) 

6 

(-2) 

Batflsh 

ca 40 

110-130 

37* 

_ 

8 

7 

3 

(-2) 

51 

(-2 2) 

20 

(-2 0) 

8 

(-3 5) 

2 

(?) 

Basking sluii k 

ca 50 

170-190 

50 -sot 

1 

14 

4 

1 

4 

(-2) 

20 

(-2) 

10 

(-2) 

1 

26 

(-2 1) 

I 0 

(-2) 





(li) Body 0th 






Herring . . 

8-20 

140-170 

1-2 

7-S 

13-16 

Traces 

5-7 
(-2 6 
to 

-3 0) 

16-22 

(-29 

to 

-4 8) 

27-30 

(-4 

to 

-5) 

20-29 

(-1 

to 

-5) 


Sardine . . 

10-18 

100 190 

0 5-1 5 

0 

10 

2 

13 

(-2) 

24 

(-2) 

26 

(-5) 

19 

(-5) 


Pilchard . . 

10-18 

150 

1 

5 

14 

3 

12 

(-2) 

18 

(-3 3> 

18 

(-4 1) 

14 

(-8 5) 

15 

(10 9) 

Menhaden 

10-10 

100- 18(. 

0 0-1 6 

0 

16 

1 

> 15 

(-2) 

30 

(-4) 

19 

(-10) 

12 

(-10) 

— 

Salmon . . 

10-14 

130-160 

1 

4-5 

11-15 

1-2 

9-10 

<“2) 

26-29 
(-2 7) 

23-26 

(-.5) 

16-21 
(-6 6) 

— 


Chiefly batyl, etc , alcohols 


t Chiefly sqiualene with minor amounts of batyl, etc , alcohols 
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Other liver oils are now known which are 
very much richer m one or both of the fat- 
soluble vitamins than cod-hver oil. In spite of 
the facts that the fish in question may be less 
abundant than cod, or that their livers have 
lower contents of fatty oil, the extremely high 
vitamin potency of the oils renders them 
techmcaiy valuable. Halibut-liver oil, for 
example, is much in demand as a source of 
vitamins-^ and -D for pharmaceutical prepara- 
tions, and this is also the case to some extent 
with the liver oil of the tunny-fish, which is 
fairly abundant in the Mediterranean and parts 
of the Atlantic. A few species of shark, 
especially the sou pfi n shark, also yield vitamin- 
rich hver oils which are technical sources of 
concentrates of vitamins --4 and -Z). 

The component acids of most of the fish-hver 
oils mentioned above (see Table XXIII) contain 
as a rule about 20-30% each of unsaturated 
acids of the and C 2 n senes, with 15-20% 
of the and 10-15% of the C 22 group; 
saturated acids, mainly palmitic, form from 
15 to 20% of the total fatty acids. The mean 
unsaturation of each group of acids (conveniently 
expressed as the fractional number of atoms of 
hydrogen short of complete saturation in the 
molecule, e g., —2 0 H signifying monoethenoid) 
increases with rising molecular weight of the 
homologous groups. C^q, — 2 0 H ; C^g, 
-2 5 to -3 0 H , C 20 . -5 0 to -6*0 H , and 
C 22 » —7 Oto —S'O H. Diethenoid unsaturation 
is very small, and each group of acids includes 
monoethenoid along with tetra-, penta- and 
hexa-ethenoid acids (c/. p. 13d). 

In the Elasmobranch group of fish, liver oils 
of the dog-fish and skate group may bo found 
amongst technical oils listed as “ cod oils,” but 
have no value as vitamin- containing oils. As 
already mentioned, soupfin and a few other 
shark-hver oils are rich in vitamins-.4 and -D, 
some other species of the smaller sharks, and 
also rays, contain liver oils with variable 
and often high contents of the hydrocarbon 
squalene and, in some cases, of the glycerol 
mono -fatty alcohol ethers known as batyl, 
chimyl, and selachyl alcohols. The latter oils 
are not yet available technically to any large 
extent. As explained earher (p. 66) the 

nature and proportion of the component acids 
of Elasmobranch fish-hver oils are related to 
their content of squalene and batyl, etc., 
alcohols. Oils relatively rich m these “ un- 
saponifiable ” components are less unsaturated 
than the rest of fish-hver oils ; examples of the 
component acids of the hver oils of the skate, 
dogfish, ratfish, and some shark species will be 
found in Table XXIII. 

(u) Body Oils. 

The flesh of some species of fish is fairly rich 
in fat, and technical fish oils are extracted from 
the flesh of heiring and several related fish 
(sardme, pilchard, menhaden) and of salmon 
from the Pacific coast of North America. The 
oils from all these fish are of similar general 
composition to cod-hver oil, but usually contain 
higher proportions of unsaturated Coq and 
(especially) C 22 acids than the latter. Nearly 
half of the component acids of herring oil 


belong to these groups. Hydrogenated herring 
and similar oils may replace hydrogenated 
whale-oil in the manufacture of margarine or 
soap, but for the latter purpose the high pro- 
portion of C 20 and C 22 acids (which on hydro- 
genation are finally converted into arachidic or 
behemc acids) causes the lathering power of the 
soaps to be somewhat less than that of soaps 
from hjjrdrogenated whale oil. 

The chief component acids of the above fish- 
hver and body ods, with their average ranges of 
unsaturation, are illustrated in Table XXIII. 

II. FATS OF AQUATIC MAMMALS. 

The oils from the blubber of whales belonging 
to the family Balasnidss, including Greenland, 
finner, hump-backed, and other whales, have 
become of great technical interest since the 
introduction of fat hydrogenation on a large 
scale. 

Whale-blubber Oil (see Whale Oil, 
Vol V, 2296-2306) was, until about 1910, pro- 
duced by somewhat crude methods and was a 
low-priced oil used mainly, like the technical 
fish-oils (v. 8upra)f in the leather industry. 
When fat hydrogenation became an industrial 
process, whale oil became the favourite raw 
material for hardening owing to its low price 
and to the circumstance that, in spite of a general 
resemblance in composition to the fish oils, its 
content of acids of the C 20 and C 22 senes is not 
so great as to cause the soap-making properties 
of hardened whale-oil to be very different from 
those of tallow. 

The component acids of the Northern and 
Southern types of whale oil show characteristic 
differences. The Arctic varieties are more un- 
saturated and contam more of the Cg© and Cgg 
acids than the Antarctic oils , the former thus 
resemble more nearly the ordinary marine fish- 
oils, whilst the Antarctic-whale oils are in com- 
position intermediate in some respects between 
marine and fresh-water fish oils. Arctic-whale 
oils usually have iodine values of 140-150 and 
their component acids may include (approxi- 
mately) ; myristic 4-6, palmitic 10-12, stearic 3, 
unsaturated C^j 15-18, C^g 30-35, Cg© 18-20, 
and C 22 10-12%. Antarctic- whale ods, on 
the other hand, have lower iodme values (110- 
120), their component acids being usually: 
myristic 6-8, palmitic 18-20, stearic 1-2, un- 
saturated Cjg 11-13, Cjg about 40, Cjo 12-14, 
and C 22 6-7%. The average unsaturation of 
the unsaturated acids is of the same order m 
both types, namely, C^g, almost wholly mono- 
ethenoid, C^g, --2*5 to -3-0 ; C 2 o> —5*6 to 
—7 0 ; and C 22 » —S-O to — 10*0 hydrogen ajoms 
per molecule. Nearly 90% of the unsaturated 
Ci 9 acids of whale oil is oleic acid, the rest bemg 
mainly octadecatetraenoic acids, C^gHggOg. 

Whale-liver Oil forms only about 3-4% of 
the organ, but is sometimes worked up separately 
on account of its high content of vitamin-.^. 
The fat appears to be very similar in composition 
to the blubber oil smee, according to Klem 
(Hvalradets Skr. 1935, No. 11, 5) the component 
acids include 18% of highly unsaturated and 
24% of ” solid ” (i.e., saturated and higher 
monoethenoid) acids. 
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It may also be mentioned again that whale 
milk-fat IS closely similar to the blubber fat, its 
component acids being made up of myristic 8, 
palmitic 17, stearic 2, unsaturatcd Cjg 6, C^g 27, 
Cgo 26, and Cgo 13% ; the mean unsaturation of 
the higher acicls (C^g --3 3, Cgo —8*5, and C22 
— 1 1 ) of the milk fat is, however, greater than that 
of the body fat (Klem, op cit ) 

Seal -blubber Oil has been used for various 
purposes (amongst others as an illuminant) for 
at least as long as whale oil, but its production 
has not increased by any means to an extent 
similar to that of whale oil, in spite of the fact 
that seal oil of excellent quality is obtainable 
from time to time. Its iodine value is usually 
intermediate between those of Arctic- and 
Antarctic-whale oils and, according to a partial 
analysis by Williams and Makhrov (Schrift 
Zent. Forsch. Lebensm. (LI.S.S 11 ), 1935, 4, 
157), it contains the following groups of acids 
saturated (mainly palmitic) 18, liquid mono- 
ethenoid (presumably oleic and hexadecenoic) 
61, solid monocthenoid (probably Cgo) 7, and 
highly unsaturated acids 14%. Burke and 
Jasperson ( J S C I 1944, 63, 245) lecoid myristie 
4 9, palmitic 114, stearic 1 8, arachidic 0 5, with 
unsaturated C14 13 (—20 H), 13*1 

(-2-0 H). C18 39 3 (-2 5 H), Cgo 23 2 (-4 9 H), 
and C 22 acids 4*7% (wt.) (—5 0 H). 

The component glycerides of several fish and 
whale oils have been investigated from a semi- 
quantitative standpoint All the investigations 
m this field point to the conclusion that the fish 
and whale oils, with their complex mixtures 
of component acids, are made up of complicated 
mixtures of mixed triglycerides In any one 
triglyceride molecule of a fish or whale oil there 
are probably very frequently three different 
acyl groups , “ even distribution ” of fatty acids 
amongst the glycerol molecules is pronounced, 
and coupled with the large number of com- 
ponent acids, leads to a most heterogenous 
mixture of, in most cases, trebly mixed tri- 
glycerides 

An Antarctic-whale oil was partly resolved 
into simpler mixtures of its components by 
crystallisation from acetone at progressively low 
temperatures down to —30° (Hilditch and 
Maddison, ibid 1942, 61, 169) 86% of the tri- 

glycerides contained one unsaturated 
group (mainly oleic), and two of these groups 
were present in a further 8% of the oil , oleo-di- 
unsaturated (C14, C^g, Cgo? C22) glycerides 
formed 12, oleo-saturated-unsaturated (C14, C^g, 
Cop* C22) glycerides 66, and oleomyristo- 
p^mitins 8% of the whale oil. About half of 
the whale oil contained no acid higher than the 
C^g ^eries, and about one- third contained one 
or two groups per triglyceride molecule of the 
highly imsaturated C20 or C22 acids. One 
consequence of the general glyceride structure 
of whale oil is that, after hydrogenation to the 
same iodine value as that of a beef tallow, it 
contains fully-saturated components similar 
in proportion and composition to those of the 
latter, although of course the constituents of 
the mixed saturated-unsaturated glycerides in 
•the rest of the fat are qualitatively dissimilar 
from the corresponding glycerides of a beef fat. 

SperiTi -whale Oil (v. Vol. V, 230a), from the 


blubber or head cavity of the sperm, cachelot, 
or bottlenose whales, differs entirely in com- 
position from the Balaenic type of whale oil, and 
consists largely of esters of higher fatty alcohols 
with higher fatty acids in addition to a certain 
proportion of triglycerides. Consequently, al- 
though liquid at the ordinary temperature, 
sperm-whale oils deposit on cooling a^olid wax 
{see Spermaceti) which is mainly composed of 
cetyl palmitate, myristate, and laurate. The 
industrial process of obtaining spermaceti, 
namely, chilling the oil at 0° for some weeks and 
subsequently pressing it at 0°, followed by re- 
pressing the solid residue at about 15°, leads to 
a yield of about 10-15% of spermaceti from the 
original oil, since much of the solid wax-esters 
remain in solution in the bquid constituents. 
Complete hydrogenation of sperm oil furnishes 
a wax of higher melting-point (48-52°) than the 
natural spermaceti, oleyl esters in the original 
oil being converted into octadecyl esters of 
palmitic, stearic, arachidic acids, etc. 

The oils from the head cavity and the sub- 
cutaneous tissues of the sperm whale difiTer con- 
siderably in composition Sperm-head oil con- 
tains about 75% of wax esters and 25% of 
glycerides, whereas sperm -blubber oil has as a 
rule about 65% of wax esters and 35% of 
glycerides. The fatty alcohols present as wax 
esters in the head oil comprise nearly 50% of 
cetyl alcohol CigH37(OH), 10-12% each of 
octadecyl alcohol, CigH37(OH) and of hexa- 
decenyl alcohol CigHgilOH), about 25% of 
oleyl alcohol, CigH35(OH), and a small amount 
of eicosenyl alcohol, ^20^89(^^) » those in 
the blubber oil are made up of less of saturated 
alcohols (15% cetyl and some octadecyl), about 
65% of oleyl alcohol, and about 10% each of 
hexadecenyl alcohol and of alcohols of the Cgo 
group. The unsaturation of the acids in sperm 
oil IS almost confined to monoethenoid com- 
pounds, and m this respect and in the presence 
of more acids of lower molecular weight and less 
acids of the C20 and C22 groups the sperm-oil 
fatty acids are sharply differentiated from those 
of ordinary whale oil The component acids of 
sperm-head oil include . capric 3, launc 16, 
myristic 14, palmitic 8, stearic 2, dodecenoic 4, 
tetradecenoic 14, hexadecenoic 16, oleic 17, and 
gadoleic 7%, whilst those of sperm-blubber oil 
are: lauric 1, myristic 6, palmitic 7, tetra- 
decenoic 4, hexadecenoic 26, oleic 37, un- 
sat urated C20 19 (—2 5 H), and unsat urJ ted 
C22 1% (—4 H). The 30% of fully saturated 
esters and glycerides in the head oil (the blubber 
oil contains only mmor amounts of fully 
saturated compounds) is made up of alcohols 
and acids of lower average molecular weight 
than that of the whale oil 

Dolphin and Porpoise Oils. — ^Marine mam- 
mals belonging to the family Delphimdai (dol- 
phin, porpoise, white whale) contain deposits of 
fat in their blubber and also m cavities m the 
head and jaw. All these types of fat are unique 
in contammg notable proportions of combined 
isovaleric acid, which is most abundant in the 
jaw oils and least abundant in the body oils. 
This tsovalenc acid is m combmation with the 
usual higher fatty acids m the form of mixed 
glycerides and no tri-isovalerin has been detected. 
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Moreover, isovaleric acid is absent from the 
liver, heart, and other organ fats of the porpoise, 
and 18 only present m traces in the fat of the 
porpoise foetus (Lovern, Biochem. J 1934, 28, 
394) Thus, although isovaleric acid is absent 
from the liver and other organ fats, its mode of 
• 


association with the higher fatty acids in the 
mixed depot-fat glycerides is exactly similar to 
the manner in -which the latter are themselves 
assembled in other fats as mixed glycerides. 
Lovern (op cit ) gives the component acids for 
dolphin and porpoise fats shown in Table XXIV. 


Table XXIV — Component Acids (% \\t) of Dolphin and Porpoise Fats. 



Dolphin 


Poriioise 



Iflubber, 

Head, % 

Blubber, ‘'0 

Head, % 

.Taw, % 

Saturated acids 
isoValeiic 

3 2 

13 0 

13 0 

20 8 

25 3 

Laurie 

1 0 

2 4 

3 5 

4 1 

4 6 

Mviistie 

7 2 

12 5 

12 1 

15 8 

28 3 

Palmitic 

H 6 

11 () 

4 7 

7 5 

4 1 

Steal 1C 

0 8 

0 4 


0 2 

— 

Unsaturated acids 






Tlodoooiioio 

— 

— 

'I'raec's 

— 

Traces 

'retradecenoic 

4 7 

2 7 

4 7 

4 fi 

3 2 

Hcxadotenoic 

25 <) 

25 4 

27 2 

20 8 

20 3 

Cl 8 gioup 

24 1 (-3 3) 

15 8 (-2 8) 

If) 7 (-2*8) 

15 2 (-2 0) 

9 3(-2 0) 

C 20 group 

18 (1 (-0 5) 

12 7 (-5 5) 

10 5( -4 8) 

0-4 (-4 5) 

4 0 (-4 9) 

C 22 group 

5 9 ( - 7 0) 

2 0(-7 2) 

7 0(-4 9) 

S 1 0(-4 7) 



The blubber fats contain 2-3%, and the head 
and jaw oils somewhat larger amounts (up to 
10% or more) of higher fatty alcohols combined 
with the fatty acids as wax esters. 

TECHNICAL PREPARATION OF FATS 
AND FATTY OILS 

Extraction of Fats. 

The methods of preparing fats and fatty oils 
for human use date back as far as the history of 
the human race. The crudest methods of 
“ rendering ” oils from seeds and fruits, which 
aio probably still practised in ceitain backward 
tropical regions, consist in allowing the broken 
fruits to melt by the heat of the sun, when the 
exuding oil runs off and is collected The native 
production of palm oil, as also of coconut oil 
by boiling the copra with water, are later 
developments of these primitive procedures, and 
lead eventually to the methods practised on the 
largest modern scale for “ rendering ” animal 
fats and oils from the tissue, as is done in the 
technical production of tallows, lards, cod-liver 
oil, ^nd whale oil. 

Again, the preparation of fatty oils from small 
seeds, such as those of flax or rape, was practised 
originally by crushing the seeds and grinding 
them between stones (as is still done in some 
parts of India). A development of this lay in 
bruising the seeds and pulverising them under 
an edge-stone, heating the meal in an open pan, 
and pressing it in a wedge -press, the wedges 
being driven home by hammers. A further step 
consisted in employing stone mills on the 
principle of a mortar and pestle in which a 
bullock or horse was used to provide the motive 
power in the grinding. These processes repre- 
sent the initial stages from which have developed 
the modern procedures of expression in hydraulic 
presses or by oil-expellers. A further modern 
device, that of extraction by solvents, represents 
an alternative procedure of comparatively recent 
introduction. 


At the present day it is recognised that fats as 
produced in the mature living tissue, vegetable 
or animal, are in a condition of maximum purity 
and fioshness, and that any changes which may 
sot in during thoir isolation for technical use 
must bo of a retrogressive or deteriorating 
character. Consequently the first aim, during 
collection, storage, transport or preliminary 
preparation of the fatty material for extraction 
of its contained fat, must bo to guard against 
deterioration of the latter, either by biological 
(enzyme) or merely chemical changes, and 
especially in respect of partial hydrolysis or 
oxidation of the fat The subsequent fat 
extraction is effected by one or more of the 
following methods . expression by the appli- 
cation of pressure to the cold or warmed com- 
minuted tissue , extraction of the latter bv 
suitable organic solvents , separation of the fat 
by heating the comminuted tissues with water, 
cither at the ordinary pressure or in autoclaves 
(“ rendering ”) 

The current procedures for dealing with various 
types of fat-containing produce are briefly 
reviewed hero, but for a more complete descrip- 
tion of the plant involved the reader should 
consult one or other of the more comprehensive 
monographs m which the subject is treated in 
fuD detail (c/. Bibliography, at end of article). 

Extraction of Fats from Vegetable 
Pulp (Fruit Flesh). — The only fats at present 
produced on a largo scale from the flesh of fruits 
are palm and olive oils. This type of raw 
material is obviously more easily damaged by 
retrogressive changes than hard seeds or nut 
kernels, and great care is essential in gathering 
and handling the fruit. The fruits should be as 
exactly ripe as possible, and bruising of the 
fruit during collection or transport must be 
avoided In modern practice palm and olive 
oik are extracted at factories located com- 
paratively close to the plantations where the 
fruit 18 grown. On arrival at the factory, the 
palm fruit is sterihsecf by heating under shght 
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steam-pressuro and then either passed through When the seed is required for extraction, it is 
a machine in which the pericarp is sliced and the first cleaned from any adherent fibre, mineral 
palm nuts removed, or into a digester which matter, etc., by machmery, and passed over a 
separates the pulp from the nuts. The fruit magnetic separator to remove any particles of 
pulp 18 then either fed into a steam- jacketed iron or steel. Next, if the husks are to be 
hydraulic press to remove the oil, or into a removed, the seed may be decorticated at this 
centrifugal extractor fitted so that steam can stage by passage through rollers wth sharp 
be injected into the mash during centrifuging grooves or cutting edges which can fracture the 
Over 85% of the palm oil present is obtained, shells without cutting or bruising the kernels or 
after settling from entrained mucilage, as an oil “meats”; or, if not, it may have any plant 
with less than 3-5% of the fatty acid, and is fibrous hairs (e gr , m cottonseed) removed in a 
exported in stool drums or in vessels fitted with delinting machine The seeds are then ready 
largo oil-tanks. for grinding into meal which is in a form suitable 

Modern production of olive oil consists in for extraction of the fat. The milling machinery 
breaking up the frmts in stone edge-iunning employed consists of a senes of rolls, through 
mills and treating the resulting pulp in hydrauhe which the seed is fed and in which it is pro- 
cage presses, or in continuous presses of the grcssively cut into particles of the requisite 
oxpeller type {v infra) , or by centrifugal fineness. The rolls are designed to function 
separation. In modem practice GO-70% of the with a cutting rather than a crushing action, 
ohve oil is recovered by these processes as first- since it is not expedient at this point to 
grade edible oil, the extracted pulp or marc cause expression of oil from the endosperm 
yielding a further amount of lower-grade olive cells The design and number of the rolls in a 
oil on extraction with solvent. machine varies with the type of seed to bo 

Extraction of Fats from Vegetable crushed; “ reducing ” machines with relatively 
Nuts and Seeds. — In most cases seeds and coarse fluting are used for the earlier stages of 
kernels are worked up for their fat in factories milling the larger seeds, and “finishing” rolls 
far distant from where they are collected , palm which reduce the seeds to fine particles of meal 
kernels and groundnuts from West Africa, for complete the process 

example, are extracted in Liverpool, Hull, Extraction by Pressure — Seed meal to be 
Marseilles, or Hamburg ; Egyptian and Indian extracted in either cage or expeller presses 
cottonseed and other seeds in the English may be treated in the cold, but more frequently 
factories and elsewhere, etc. Several points is expressed at a moderate temperature, often 
connected with the transport and storage of the ,50-60% and m some cases 100-110°. For hot- 
seed are theiofore important. pressing, the meal is first cooked in steam- 

Bulky nuts, c (/., those of the oil palm and jacketed vessels to the desired temperature 
other tropical trees, in which the shell weighs The ease with which seeds yield their fat during 
as much as or more than the kernel, are dis- application of prcssuio depends on the moisture 
integrated (shelled) before transport m order content as well as the temperature, and Skipin 
not to waste cargo space. Special disintegrating and others recommend the addition during 
machines, designed to break the shell without cooking of a definite proportion of water, the 
fracturing the kernel, are employed at the place optimum moisture content and temperature 
of collection of the seed, or near to w^hcre it is being variable but specific for each kind of seed, 
shipped, for this purpose. Seeds and nuts with Largo hydraulic processes of vaiious types 
smaller and more fragile husks, such as the are used for seed-expression. Broadly speaking 
groundnut, may or may not be similarly treated, these are of two classes the “ open ” typo in 
the term decortication being used for the shelling which the meal is placed in stout canvas bags 
of seeds of this type. The endosperm of the between horizontal iron plates, and the “ closed ” 
coconut forms a special case, since it is removed type in which the meal is filled direct on to a 
from the shells and dried in fragments to a fat- number of horizontal iron plates resting within a 
content of about 65% by exposure to sun or m closed vertical casing perforated with minute 
heated air in kilns, the product (“ copra ”) holes through which the hquid fat exqfles 
being then packed for shipment. Small seeds. Pressure is applied usually in two stages, first 
suchashnseod,rape8oed,sunflowor seed, and soya at J-f ton per sq. in., and subsequently at 
beans, are transported without decortication. 1 J--2 tons per sq. in. (open press) or 3-4 tons per 
The nut or seed, if ruptured or punctured, is sq. m. (closed press). The fat content of the 
susceptible to retrogressive changes in its fat meal is thus reduced finally to a desired figure 
and other constituents ; the fat is then com- of between 6 and 10%, depending on the 
paratively readily hydrolysed in presence of type of oil cake (cattle feed) for which it is 
moisture by lipolytic enzymes, and may also required (w. infra). The capital cost of a 
undergo other enzymic decompositions, notably hydraulic pressure plant of these types is large 
oxidation. To prevent development of rancidity and the process is therefore carried on in factories 
in any form, therefore, the seeds must be sound, where the output of oil is on a large scale ; 
as free from supe^cial damage as possible, and expressed oils are frequently preferred to solvent- 
kept free from moisture during storage. Modern extracted oils, especially for the ediblo-fat trade, 
practice consists in storing seed in tall, narrow, whilst the seed cake produced has an oil content 
vertical,* well- ventilated bins (silos) ; if the which adds to its value as a cattle food, 
temperature in a compartment rises the seed is Expeller presses are another form of fat ex- 
^ fresh bin in order to dissipate pression plant which has been developed subso- 
the heat and check the development of hydrolytic quently to the hydraulic press. The seed meal 
action. IS fefi forward by a screw conveyor and pressed 
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through a narrow annulus bet^\cen a conical 
head piece and a perforated cage ; the action of 
the screw causes increasing pressure on the meal 
as it passes through the expeUer. The expeller 
press thus works on the continuous principle, 
and has some advantages over the hydraulic 
press, especially where the output of the factory 
18 relatively not large It has also found 
favour in the larger factories, especially in 
America, and is frequently used in the expression 
of oil-rich seeds such as copra or groundnut to 
reduce the oil content to a stage at which the 
material can be more conveniently handled by 
hydrauho pressure or by solvent extraction 
The expeller process is economical, but the oil 
produced may contain more mucilage than 
hydraulic-pressed oil, and usually requires 
filtration. 

Extraction by Solvents. — Extraction of seed 
meals by organic solvents instead of by pressure 
has made considerable headway, tho solvents 
used being mainly hght petroleum of b.p 
60-80° or b.p. 80-100°, but also to some extent 
trichloroethylene, which has the merit of non- 
inflammabihty. The seed meal is left somewhat 
coarser for solvent than for pressure extraction, 
and 18 charged in layers separated by fibre mats 
or other horizontal partitions in cylindrical 
vessels headed with reflux condensers. Several 
of the vessels may bo connected in series and 
operated on the counter- eurrent principle, so 
that fresh meal is exposed to solvent which is 
already charged with fat, whilst the almost- 
extracted meal receives a charge of fresh solvent. 
The solvent is usually employed first cold and 
later at a somewhat higher temperature The 
fat- charged solvent is finally passed through a 
double still system, in which the bulk of the 
solvent IS first evaporated and recovered, the 
fatty oil then passing down tho plates of a 
column at the base of which a current of steam 
enters and, durmg its upward passage, removes 
the last traces of solvent from the fat Tho 
residual extracted meal contains only 1-2% of 
oil and is freed from solvent by steaming, dried, 
and used in compound cattle foods or as 
fertiliser. Solvent extraction thus yields approxi- 
mately the full oil- content of the seed ; it is 
economical in use of solvent, the “ make-up ” 
of which should not exceed 3-5 gallons of spirit 
per ton of oil extracted. 

Residual Oilseed Cakes. — Fully extracted oil- 
cake has in any case considerable value as a 
fertiliser or artificial manure, since it contains 
notable amounts of protein nitrogen, phosphates, 
and potash. Solvent-extracted fish (herring, 
etc.) meal is frequently used in this way, but 
extracted seed-cakes are usually so disposed of 
only when, by reason of toxicity, they are in- 
applicable as cattle foods (e g , castor seed, 
mowrah seed and some others). If a residual 
oil-seed cake is suitable for use as cattle food, 
its market value is much greater than when 
sold merely as a fertihser, and most of the oil 
cake produced in Europe and America goes nto 
“ straight or “ compound ** cattle-foods. The 
cake from expressed seeds which still contains 
8% or so of fatty oil is valued on its oil content 
and, after grinding, is sold to the dairy farmers 
and stock breeders. That from solvent-ex- 


tracted seeds is priced as a rule at about half 
that of expressed oil- cake, and is assessed mainly 
on the nitrogen content as an index of tho protein 
content ; extracted oil-cake is used, in admix- 
ture with molasses and starchy materials, to 
form “ compound ” cattle-cake. Cottonseed, 
linseed, groundnut, soya bean, palm kernel and 
other oilseed cakes are readily disposable m 
Europe and America as foodstuffs for farm 
cattle 

Extraction of Fats from Animal 
Tissues. — For the most part tho treatment of 
animal fatty tissues consists m “ rendermg,” 
i e , heating tho tissue, usually with water or 
steam, m order to rupture the fat colls and 
liberate tho f.it Tho same general principles 
apply to tho handling of animal as of vegetable 
tissues prior to fat extraction, namely, mainten- 
ance of the tissues m as clean and aseptic con- 
ditions as possible, tho removal of the fat- 
containing material from adjacent non-fatty 
tissues, and its reduction where necessary by 
chopping or mincing to a state of division suit- 
able for rendering In animals such as the pig 
or ox, tho adipose tissues are separated by hand, 
cleansed, and disintegrated by machinery. 
Whales are denuded of their blubber layers 
mechanically and the strips of tissue cut into 
smaller pieces by machines designed for the 
purpose Fish livers, such as cod, are taken 
from the fish, washed mechanically or by hand, 
and are frequently rendered without cutting 
into smaller pieces. Tho precipe mode of 
preparatory treatment thus vanes with the raw 
material from which tho fat is to be obtained, as 
also do the extraction procedures which are 
subsequently operated. The main processes 
used for extracting fat from animal tissues will 
next be briefly discussed 

Rendering of Animal Fats in the Absence of 
Water. — Perinephric and back or rump adipose 
tissues of cattle and pigs contain 90% or more 
of fat, much of which is released from the cells 
when the tissues are heated to only a moderate 
temperature. Tho best edible quahties of beef 
tallow (‘‘premier jus”) and lard (“neutral lard ”) 
are obtained by this means. The plant em- 
ployed consists of iron vessels hned with tin 
or enamel and fitted with mechanical stirring 
gear and a closed steam coil for applying heat, 
and closed with a hght hd to exclude atmospheric 
dust. The vessel is charged with the milled or 
shredded tissue, heated to the extract tempera- 
ture appropriate to tho material (usually 
between 40° and 60°), and the contents gently 
agitated. The fat gradually escapes and floats 
to the top, from which, when the process is 
complete and the contents of the vessel have 
been allowed to settle, it is removed by a 
skiramer-pipe. 

A modification of this “ dry -rendering ** pro- 
cess, used for the production of inedible fats, 
consists in the use of a steam- jacketed closed 
vessel, capable of withstanding moderate pres- 
sure, in which tho minced tissues are heated 
until a pressure of 30-40 lb. per sq. in. is attained 
by tho steam evaporated from the moisture in 
the tissues. Mechanical agitation is usually 
provided to stir the material and to scrape off 
scraps which may adhere to the walls of 
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the vessel. Extraction is fairly complete at 
the temperature attained (120-130°), and the 
rendered mass is drained, the residual tissue 
being further extracted if desired by passage 
through an expeller press. Fat of good soap- 
making quality is thus obtained, but its slightly 
darker colour (compared with that of fat 
rendered at lower temperatures) restricts its 
use for edible purposes. The finally extracted 
powdered tissues are rich in protein and are 
suitable for poultry and similar foods. 

Rendering of Animal Fats in Presence of Water 

(i) up to 1(10° — Vessels (not necessarily tin- 
lined) similar to those used for “ dry-rendering ** 
at 40-60° may bo employed, an open as well as 
a elosed steam -coil being fitted in the present 
case. The tissue is placed, with about an equal 
weight of water, in the vessel and heating is 
effected by steam in the closed coils or by 
admission of open steam, the process being 
carried out at 40-60° if the highest edible 
qualities of fat are being produced, or at higher 
temperatures (up to 100°) if a higher yield of 
fat (of somewhat lower quality) is desired The 
residual tissues are usually autoclaved (v infra) 
to remove the remaining fat. 

This process, at 40-60°, is used to produce the 
best qualities of edible (“ neutral ” lard), whilst 
rendering with water at or up to 100° yields 
somewhat lower grades of edible lards and 
tallows. The latter process also furnishes the 
highest qualities of fish-hver oils (notably cod- 
liver oil) and whale oil (no 0-1 grade). 

Rendering of Animal Fats in Presence of Water 

(ii) in Autoclaves above 100° — Higher yields of 
fat, but usually of louer quality, are obtained 
by carrying out the preceding process in elosed 
vessels provided with open steam coils, the 
contents being treated at pressures up to 150 lb 
per sq. in The fat charge (either fresh tissue 
or residual tissue from one of the above pro- 
cesses) IS mixed with a small proportion of water 
and heated with open steam for several hours, 
usually at about 60-90 lb per sq in pressure 
Practically all the fat present is dislodged from 
the tissue and is drawn off after the pressure 
has been released and the contents of the vessel 
settled 

The autoclave or digester process is used to 
produce the following, amongst other, technical 
fats . 

The lowest edible grades of lards — “leaf” 
lard from the residual tissues left after the 
“ neutral ” lard has been extracted, and 
“ prime steam ” lard from tissues of the pig 
other than the flare (perinephric) and back 

Ox and sheep tallows for soap and candle 
manufacture from all parts of the animals, other 
than the skin, bones, and intestines 

Skin greases fiom the skins and adjacent flesh 
of pigs, oxen, and sheep ; neat’s-foot oil from 
hooves of cattle ; bone (and intestmal) fats of 
pigs, oxen, and sheep (bone fat, bone greases, 
brown greases; r. Vol. VI, 134c). 

Lower grades of fish and whale oils, including 
no. 2 grade whale-oil from the residues of the 
blubber after rendering the no 0-1 grade oil, 
no. 3 grade whale-oil from whale flesh other 
than blubber, and no. 4 grade whale-oil from the 
bone and intestines of the whale (a very low 


grade, dark oil containing up to 30% of free fatty 
acid) 

Extraction by pressure (either in hydrauhe or 
expeller presses) is sometimes employed in the 
manufacture of a few animal fats, including 
those of small fish (herrings, sardines, etc ) the 
flesh of which is rich in fat. 

It may be mentioned here that sutimission of 
edible tallows (‘‘premier jus”) and lards to pres- 
sure in the cold is employed to separate these fats 
into others of equal edible quality but different 
physical consistency — respectiyely harder (oleo- 
stearin, lard stearin) or softer (oleo oil, lard oil) 

Solvent extraction is also occasionally met with 
in the production of animal fats , for example, 
in the isolation of greases from skins or bones, 
and of low-grade fish oils from herring and 
similar fish residues. 

Refining of Fats 

All fats require some form, and usually several 
forms, of refining before they are suitable for 
further technical use, w^hether this is to be as 
edible fats, in soaps, candles, ot as vehicles for 
paints, etc The impurities which may require 
to be eliminated may be classified as (i) sus- 
pended matter, mucilaginous, colloidal, or 
resinous, carried mechanically wuth the fat 
during its extraction , (ii) free fatty acids jiro- 
du(cd from the natural fat piior to or duiing 
extraction ; (in) natural colouring matters 
extracted with and dissolved in the fat , and 
(iv) somi- volatile compounds extracted with 
and dissolved in the fat, which thereby acquires 
an undesired odour or flavour Only in a few 
fats, notably the highest edible qualities of 
lard and “premier jus”, olive oil, cacao butter 
and perhaps one or two others, is the refining 
treatment confined to the removal of the first- 
named gioup of those impurities (mucilaginous 
or other non-fatty matter in suspension m the 
fatty oil). The rest may require removal of 
free fatty acids, of coloured organic impurities, 
and (for edible purposes) of traces of impurities 
conferring odour and flavour, before they are 
in a suitable condition for final use A brief 
account of the chief methods employed in the 
removal of each of these various types of im- 
purity will hero be given , in general, how'ovcr, 
it may bo said that the refining of each individual 
fat presents special features, and that^ the 
technical procedure to be adopted vanes corre- 
spondingly and to some extent must be deter- 
mined by experimental trial m each case. 

Removal of Suspended Non-fatty 
Matter. 

Removal of comparatively coarse muciUge, 
fragments of non-fatty tissue, etc , earned 
mechanically into the crude fat during extraction 
is usually effected by maintaining the fat in the 
liquid state in large tanks for several days, when 
the coarser impurities settle to the bottom, 
leaving clear oil which can be drawn off or, if 
desired, filtered through a press. 

When, as frequently happens, the fatty oil 
‘ contains in suspension not only relatively coarse 
particles but also very finely divided or colloidal 
oiganic matter, it is preferable to settle the oil 
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after first injecting ^^et steam into it at 100° for 
some time, or to boil it similarly with open steam 
in presence of salt (1 or 2 per cent, of salt on the 
fat treated). After settling for a few hours the 
lower layers of condensed water (brine) and oil- 
water emulsion are withdrawn. The emulsion 
and the aqueous layer (and still better the 
clarified At as well) may be fed continuously 
through a centrifugal separator, leading respec- 
tively to less loss of oil in the emulsion and to a 
brighter and cleaner product as regards the 
settled fatty- oil layer. 

In a few particular instances, notably linseed 
oil, colloidally dispersed material coagulates or 
“ breaks ” when the oil is heated to a specific 
temperature (usually between 200-250°) ; after 
heating, the oil is allowed to cool, when the 
coagulated compounds settle to the foot of the 
tank, leaving a paler and brighter product than 
the crude oil. 

Removal of Free Fatty Acid 
(Neutralisation). 

The method most frequently adopted to 
neutralise free acidity in a fat is naturally 
alkali rejinirig^ the fatty acids being subae- 
(juently washed away as soaps, fiequently, 
especially with vegetable fats, coloured organic 
compounds (which often contain phenolic or 
other acidic groups) are simultaneously removed, 
cither by combination with the alkali or by 
adsorption on the soaps formed during neutrali- 
sation of the oil Alkali refining therefore as a 
rule improves, sometimes to a marked extent, 
the colour of the fatty oil and has the effect 
of bleaching it in addition to removing free 
fitty acid 

Technical methods of neutralisation are 
numerous and the choice is determined by the 
nature of the fat and its c*ontcnt of free fatty 
acid. Sodium carbonate, caustic soda, or hme 
may be employed to combine with the free acids 
present , continuous processes for alkali neutra- 
lisation have been devised , and removal of free 
fatty acid by steam distillation at high tempera- 
ture and low pressure has received considerable 
attention in recent yeais 

Alkali Refining of fats is carried out in 
cyhndrical tanks fitted with tapeiing or conical 
bases to facilitate settling and withdrawal of the 
resulting soap solutions. The plant is provided 
with open and closed steam coils, mechanical 
stirring gear, and a skimmer pipe for with- 
drawal of oil from the upper layers of the con- 
tents of the vessel The mode of operation 
varies with the nature of the crude fatty oil 
and of the alkaline reagent employed and, 
moreover, practice and skill are required in con- 
trolling the process so as to produce soap (or 
“ foots,” to use the technical term) with the 
minimum proportion of entrained fat. 

Neutralisation by sodium carbonate (soda ash) 
IS preferred both because the reagent is cheaper 
than caustic alkali and because smaller losses 
of neutral fat result by use of soda ash than with 
caustic soda. Refining with soda ash is thus 
favoured in the case ot high-quality fats which 
contam only a small proportion of free fatty 
acids, and are comparatively pale coloured, m 
the crude state. The crude oil may be heated 


to about 80°, pumped on to a concentrated solu- 
tion of sodium carbonate (in sbght excess of 
that necessary to neutralise the free acid 
present), and the mixture carefully heated with 
open steam for a short time ; after addition of 
brine, if necessary, to break any undue emulsion, 
the oil IS settled and the thick mass of “ foots ” 
drawn off at the base of the vessel Alternatively, 
the mixture of fat and carbonate solution may 
be heated by closed coils until, by evaporation, 
the soaps become sufficiently dry to rise to the 
top of the oil in the form of a cake ; in this case 
the oil is drawn off from the base of the vessel, 
and the loss of fat in the soap is often less than 
by the previous method. In both processes the 
neutralised fat is washed several times with hot 
water and settled in order to remove all traces 
of soap. 

Neutralisation by caustic soda is also much 
employed, and especially when there is more 
than about 5% of free fatty acid in the crude 
fat, or when the latter is more or less coloured 
The procedure is similar to that just described, 
except that caustic soda solution (in strength 
which may he between 20° and 100° Tw ) is 
gradually run into the warm oil whilst the 
latter is stirred and eventually brought nearly 
to 100° c with steam. With pale-coloured fats 
of low acid content the caustic soda may bo 
used in a quantity about 0 5% in excess of that 
necessary to neutralise the free fatty acid, but 
with crude fatty oils the colour of which can 
be redu(*ed by alkah refining this excess may be 
increased to about 2% with beneficial results in 
regard to decolorisation. The oils which are 
most improved in colour during alkah refining 
Include cottonseed oil, other dark vegetable oils 
such as rape, soya-bean, or linseed oils, whale 
and fish oils. The loss of neutral fat in the 
“ foots ” IS in general somewhat greater with 
caustic soda than with carbonate, and in any 
case this loss is greater the higher the propor- 
tion of free fatty acid in the oil For fatty oils 
which contain more than 10% of free fatty acid 
it IS best to eficct neutralisation in several stages, 
removing not more than 5% of free fatty acid at 
a time It is not usually economical to neutra- 
lise crude fats with a content of more than 25% 
of free fatty acids 

The yield of neutral fatty oil can be increased 
by passing the soapy “ foots,” and also the 
subsequent wash-liquors, through continuously- 
operated centrifugal separators, when a further 
quantity of neutral fat is recovered and the 
centrifuged soap-stock may contain only 10-20% 
of fat. The fat- content of “ foots ” from alkah 
refining may otherwise range from about 35- 
70%, according to the procedure employed and 
the proportion of free fatty acid in the original 
crude fat 

From 1933 onwards processes for continuous 
alkali neutralisation of fats have been introduced, 
especially m the United States. Fatty oil and 
caustic soda solution, in closely regulated pro- 
portions, are fed into a mechanical mixer and 
passed through a tubular heater in which the 
oil-alkali emulsion is rapidly brought to about 90°, 
after whic h it enters centrifugal separators which 
deliver continuously the separated soap-stock 
and the neutralised oil^ the latter being washed 
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with water in a continuous system and again 
separated by centrifuge. Owing to the short 
contact time (about 6 minutes) of fat and alkab, 
hydrolysis of neutral fat is minimised, whilst 
the loss of neutral fat in the soap-stock is also 
reduced in companson with the other processes. 

N eutralisaiion by lime is occasionally em- 
))loyed, in place of soda refining, to obtain a 
very high yield of neutral oil. The procedure 
IS similar to that used m refining with sodium 
carbonate, but is best earned out in a closed 
vessel heated by closed steam coils. Lime in 1% 
excess of that necessary for exact neutralisation 
18 mixed (in the form of a thick cream with 
water) with the heated oil, and the water 
present is subsequently removed by evaporation 
under reduced pressure ; the calcium soaps are 
then in the form of an almost anhydrous granular 
suspension and can be removed from the neutral 
fat by passage through a filter press 

Disposal o/ Alkali Soap-stock or '^Foots ^ — ^In 
certain instances the soap-stock is directly suit- 
able for complete conversion into soaps of 
technical value and, in the larger modern instal- 
lations in which fat refineries and soaperies are 
departments in the same factory, the soap-stocks 
can be passed to the soapory for complete 
saponification and utilisation in toilet or house- 
hold soaps. This applies especially to soap- 
stocks from such fats as coconut, palm-kernel, 
groundnut, cottonseed, palm and other oils 
destined for edible use. Alternatively, the 
soap-stocks may be converted by boiling with 
dilute sulphuric acid into acid oils, which are sold 
to soap or candle makers In the United States, 
cottonseed soap-stock as such is largely sold by 
the cottonseed oil refiners to soap manufacturers. 

Soap-stock and “ foots ” from the more un- 
saturated fatty oils, such as Imseed, soya-bean, 
or whale, are also used to a certain extent in the 
production of soft soaps. Many “ acid oils 
from alkali refining, especially from the more 
unsaturated fatty oils and also from other low- 
grade fats, are too discoloured or too rancid to 
be used for soap, and must be further treated 
by distillation In such cases the “ acid oil ” 
is completely hydrolysed to fatty acids (the 
hberated glycerol being separately recovered, 
V . Glycerin, Vol. VI, 40c-71a), and the latter 
are distilled at low pressure at about 250-300®. 
The distilled fatty acids, on chilling and press- 
ing, yield acids hquid at the ordinary tempera- 
ture (“ oleines ”) and sohd acids (“ stearmes,” 
V . Vol. II, 263c). 

It has also boon proposed to reconvert “ acid 
oils ” into neutral fats by esterifymg the free 
acids present with glycerol by heating at 180- 
250° under reduced pressure; it appears un- 
likely, however, that the quality of the fats so 
produced is adequate to make the procedure an 
economic success. 

Removal of Free Fatty Acids by Distil- 
lation Processes. — Processes have b^n intro- 
duced for the direct removal of free fatty acids 
from crude fats by a process of steam distillation, 
notably by Weeker and Lurgi. The essential 
features are that a mist of finely divided water 
or wet steam is mjected into thin layers of the 
oil, which has been preheated to 240-270° in a 
vacuum of 5-10 mm.. The water droplets 


vaporise suddenly and carry with them free 
fatty acids, which are subsequently condensed. 
A number of large-scale plants based on these 
principles is now in use. The processes were 
originally intended to combine removal of free 
fatty acid, decolorisation, and deodorisation in 
one process, but seem to have proved more use- 
ful when confined to the first of these^rocesses, 
deacidification. With fats of the coconut or 
palm-kernel type, the fatty acids in which are 
of relatively low molecular weight (launc, 
capric, capryhc), the free acidity of the crude 
fats can be reduced to a sufficiently low figure ; 
but 111 the more usual types of fats, in which 
oleic and acids of similar molecular weight con- 
tribute most of the free acidity, it is not usually 
possible to reduce the free fatty acids in oils 
treated by these distillation processes to below 
about 1%. Nevertheless, the Weekor and Lurgi 
processes are valuable for reducing the acidity 
of crude fats with more than 5% free fatty acids 
to a figure of about 1% ; the latter content of 
free fatty acid can then be efficiently dealt with 
by alkali refining in the ordinary way. 

Finally, it may be mentioned that passage of 
crude fats through the “ molecular still ” at 
100-250°/0 0001 mm will ofToct not only 
separation of free fatty acids present, but also 
evaporative distillation of the glycerides them- 
selves. This procedure will thus separate a 
crude fat into . (i) non-fatty matter of lower 
molecular weight than the glycerides {e.g , 
vitamin- A and its esters) ; (u) free fatty acids ; 
(in) the glycerides themselves ; and (iv) a 
residue of non-fatty or of polymerised or 
oxidised fatty compounds. Although this pro- 
cess may well bo applied to the preparation of 
certain vitamin- .4 concentrates, it seems doubt- 
ful whether it will replace the previously dis- 
cussed processes for removal of free fatty acids 
from fats {v. Molecular Distillation, 
Vol. VIII, p 166a). 

Decolorisation (Bleaching) of Fats. 

The natural colouring matters which find their 
way into many fats during the course of extrac- 
tion of the latter are present in very small con- 
centration — probably never exceeding 0*5% of 
the fat and very rarely approaching this figure 
Most fats from vegetable sources are more or 
less coloured in this way, but only in a few 
instances (of which palm oil and cottonseefi oil 
are typical) is the crude fat intensely coloured 
The deep red colour of palm oil is due to the 
presence of only about 0 1% of carotene and 
other carotenoids, whilst the deep yellow or 
brown colour of crude cottonseed od is similarly 
caused by the presence of somewhat larger 
amounts of the flavone derivative gossypol 
The complete removal of these traces of coloured 
compounds is nevertheless frequently necessary, 
especially m the production of fats for edible 
purposes and high quality soaps. It has already 
been mentioned that a certain amount of 
decolonsation, esjiecially when the cause of the 
colour is the presence of phenolic or similar com- 
pounds, takes place during alkah refining. The 
methods primarily employed to effect decolorisa- 
tion of fats may be divided into two groups • 
(i) those depending on adsorption of the coloured 
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compounds by a smtable morganio absorbent, 
and (ii) chemical methods, including oxidation, 
reduction, and treatment with sulphuric acid. 

(i) Adsorption Methods. 

The chief adsorbents employed are suitable 
types of filler’s earth, chemically activated 
fuUer’s earths, and adsorbent charcoals. Other 
materials, such as sihca gel and diatomaceous 
earths, have been also proposed, but find rela- 
tively httle apphcation m so far as fat refining 
is concerned. 

Fuller's earth (v. Fulleii’s Eaeths, Vol. IV, 
247a) is a siliceous mineral found in more or less 
isolated beds in association with greensand or 
gravel. The earth from dijBferent deposits varies 
in usefulness to the fat refiner, the most suitable 
deposits in general being in Surrey, and, in the 
United States, m Florida and some other 
locahties. 

The efficiency of fuller’s earth in decolorising 
fats is much increased after gentle treatment of 
the earth with mineral acid ; for instance, boiling 
with dilute (10%) aqueous mmeral acid for 3 
to 4 hours m a vessel fitted with mechanical 
stirring. Activated fuller's earths of this kind are 
specifically useful in the bleaching of palm oils, 
tallows and some other fats. The activation 
of the earth can be effected concurrently with 
the fat- bleaching process by agitating about 
4 parts of fuller’s earth with 100 parts of the 
fat, adding 0 1-0 2 parts of sulphuric acid, and 
then heating to about 120-130°. 

The concentration of fuller’s earth (ordinary 
or activated) used in bleaching fats may be, 
according to the particular case, from 2 to 6% 
of the fat treated. 

Adsorbent charcoals (v. Vol. II, 315c, 3176) used 
for fat decolorisation may include specific forms 
of wood charcoal, c g , from coconut or beech- 
w ood, and also wood charcoals of higher activity 
produced by special treatment during or after 
carbonisation. A common method of activation 
IS probably exposure of the charcoal to a high 
temperature in presence of a controlled mixture 
of steam and air. The activated charcoals are 
sold under various trade names and the con- 
centration to be used in decolorisation is usually 
of the order of 1% or less of the fat treated. 

In some cases, a mixture of fuller’s earth with 
a snmller proportion of adsorbent charcoal is 
useful. 

Whilst' fats can be decolorised by filtration 
through a bed of adsorbent, the process is 
practically always conducted by mechanical 
agitation of a small proportion of adsorbent 
with the heated fat. Vessels with a capacity 
of up to 26 tons, fitted with mechanical agitation 
and heated by closed steam coils, are employed ; 
preferably they should bo closed so that the 
operation can be carried out in a moderate 
vacuum, and that air is excluded from the heated 
fat, whilst the latter is also freed from traces of 
moisture and also to some extent from volatile 
organic impurities. The temperature used varies 
according to the nature of the fat, but decolorisa- 
tion by adsorbents is usually effected somewhere 
in the range 80-150°. Typical applications of 
the method include : 

(i) Final clarification and bleaching of high 


quahty alkah-refincd fats such as nut oils, 
groundnut, cottonseed, etc., oils. Agitation 
with ordinary fuUer’s earth, or a mixture of the 
latter with active charcoal, at 80-100° for a short 
period, preferably under vacuum, is usually 
apphed in these cases. 

(u) Clarification and partial bleaching of fats 
such as whale, fish, or vegetable oils, crude or 
alkali -refined, prior to hydrogenation or other 
chemical treatment. Fuller’s earth or activated 
fuller’s earth is usually employed, at tempera- 
tures of from 120-160°. The time of contact 
varies with the quality of the crude fat and the 
temperature employed, and may be from 1 to 3 
or 4 hours. 

(ill) Bleaching of tallows for high-grade soaps, 
and of coloured vegetable oils, especially palm 
oil. Here it is desirable to use activated fuller’s 
earth, sometimes with active charcoal in addi- 
tion. The time necessary to effect complete 
bloachmg many be considerably longer than in 
tho previous cases, and the temperature must 
be carefully selected to give the optimum result. 

In general, it is expedient to determine by 
laboratory trials the optimum proportion and 
typo of adsorbent material, temperature, and 
time of treatment, for the fat which is to bo 
decolorised in tho plant. 

When the decolorisation process is finished, 
the fat IS filtered from tho absorbent in presses. 
Fat retained in tho adsorbent press-cake may be 
recovered by solvent extraction of the latter, 
but its quahty is naturally inferior to tho filtered 
bleached oil; tho extracted spent adsorbents 
are usually rejected, since the cost of re- 
activating them in most cases oxcoods that of 
fresh earth or charcoal. 

(li) Chemical Methods of Fat Bleaching. 

(a) Oxidation Methods . — The coloured com- 
pounds present in crude fats are frequently con- 
verted into colourless derivatives by mild oxida- 
tion, and oxidation processes are therefore avail- 
able for fat bleaching. Clearly, however, there 
18 always the possibihty that some of the un- 
saturated glycerides of the fat may also be 
attacked, and in fact tho fiavour of fats is suffi- 
ciently affected by the mildest oxidation pro- 
cesses to render the use of these inadvisable in 
the treatment of fats destined for edible pur- 
poses. Oxidation is used, however, to some 
extent in bleaching fats for soaps and other 
technical products. 

Agitation with air (preferably moist air) at 
about 90-110° effects decolorisation of palm oils 
and tallows, and has been used in refining these 
and other fats prior to using them m the soap 
pan; but great care is needed to avoid some 
concurrent oxidation of the unsaturated gly- 
cerides with consequent development of “ burnt” 
colour and odour in the products. The use of 
ozonised air and of hydrogen peroxide (m this 
case preferably in presence of 1% or so of sul- 
phuric acid) has also been proposed in de- 
colorising fats, but neither process appears yet 
to have been used to any wide extent. 

Oxidation with sodium dichr ornate and hydro- 
chloric acid is frequently used in bleaching 
tallows and palm oils for soap making. In the 
case of palm oil this nx^thod decolonses the oil 
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but leaves it with the chararteristio odour I below 100° under \acuum prior to discharge. 


(resembling that of violets), which is not unwel- 
come in the final soap. Dichromato oxidation 
18 effected by agitating the fats in lead-lmcd 
vessels at about 45-50° v ith a hot aqueous solu- 
tion of sodium dichromato and hydrochloric 
acid (p 1*14); about 18 lb of dichromate and 
12 lb of hydrochloric acid are usually required 
per ton of fat. 

Oxidation with sodium hypochlorite or bleach- 
mg powder solution is also employed, especially 
for tallows. The operation is oficcted similarly 
to dichromate bleaching, usually at a some- 
what lower temperature 

(b) Reduction Methods — Certain reducing 
agents effect removal of colour from fats, and 
more especially from soaps, but in general they 
are less effective bleaching agents for fatty 
derivatives than are oxidising agents IMoreover, 
the colourless reduction products frequently re- 
oxidise on exposure to air, so that the colour 
“ reverts ” to some extent, whilst fats and soaps 
bleached by reduction are usually somewhat dull 
in appearance Nevertheless reduction pro- 
cesses have been used to some extent for bleach- 
ing soaps, the chief method being to heat the 
soap in the pan before it is grained out with a 
small proportion of one of the commercial forms 
of sodium hyposulphite or formaldehyde-sul- 
phoxylate. 

(c) Treatment with Sulphuric Acid, — In some 
cases agitation of a fatty oil with 1-2% of con- 
centrated sulphuric acid at a slightly elevated 
temperature (up to 50°) effects dccolorisation, 
probably by converting coloured impurities of 
high molecular weight into products which are 
precipitated to the bottom of the oil in the form 
of tar. The oil is then settled, drawn off, and 
w'ashcd wuth hot water to remove all mineial 
acid Technical application of this method is 
confined to a very few fatty oils, but it has found 
use with linseed, rape, and a few other oils. 
Obviously the procedure must be carried out 
with adequate caie to prevent local over-heating 
and polymerisation or other decomposition of 
unsaturated glycerides by the concentrated sul- 
phuric acid. 

Deodorisation of Fats. i 

Complete deodorisation of fats is only neces- 
sary when those are intended for edible purposes, 
but it 18 then essential. The process is the last 
to be undertaken in the refining of an edible fat, 
the crude fat having first been neutralised and 
subsequently clarified and bleached with an 
adsorbent material The fat is heated in closed 
steel or aluminium vessels by high-pressure 
steam in closed coils, or by heated mineral oil or 
suitable compound circulated in closed coils, to 
a temperature of about 200-220°, the vessels 
being maintained throughout the process at the 
highest vacuum technically practicable (usually 
10-25 mm.). Steam, de-aerated and super- 
heated to 200° or higher, is passed in a fine 
stream through the oil and carries away with 
it to the vacuum condenser the traces of 
difficultly volatile compounds which cause the 
crude fat to possess a distmctive flavour. The 
process is continued until the fat passes the 
requisite flavour test, when the oil is cooled to 


The time of treatment depends upon the 
character of the oil and the degree of vacuum 
employed, and may occupy from 6 to 12 hours. 
During recent years great improvements have 
been effected in the production of low pressures 
on a technical scale in connection with deodori- 
sation processes, so that the time of exposure 
to the high temperature and superheated steam 
has Ixjen materially shortened, w hilst the process 
can also be effected at a somewhat lower 
temperature than formerly. Both factors have 
combined to improve the quahty of the refined, 
deodorised fats which are now available for 
margarine and other edible fatty products. 

It has also been suggested to conduct the 
deodorisation in a continuous system so that 
the fat IS exposed to high temperature only for 
a short time and in relatively small quantities 
at a time It has also been proposed, as men- 
tioned in a previous section, to carry out de- 
acidification and deodorisation in one stage by 
continuous processes At present, however, it 
would seem that the discontinuous or batch 
process described above for the deodorisation of 
neutral, refined fats holds the field, having been 
brought to a high degree of efficiency by im- 
provements m the vacua employed, and in 
technical design and operation of the deodori- 
sation plant 

CHIEF CHEMICAL TRANSFORMATIONS 
OF FATS. 

Hydrolysis of Fats. 

Hydrolysis of Fats by Enzymes {v Vol. 
VI, 395a , VIT, 327d) (Lipase). — The tissues of 
plants contain more or leas of the enzyme 
lipase, especially those {e g , endosperm) in 
which fat 18 prodiKH'd m quantity , here it is 
probably concerned in the biosynthesis of the 
glycerides fiom fatty acids and glycerol. Con- 
versely, if fatty tissues or fats are exposed to 
moisture in the presence of lipase, the reverse 
action commences and the fats undergo partial 
hydrolysis {hydrolytic rancidity). Thus fat- 
containing seeds which have not been stored 
under sufficiently dry conditions yield fats in 
which free fatty acids are present, sometimes in 
fairly high proportions, the seed hpase having 
acted as a hydrolytic instead of an estenfymg 
enzyme, in presence of sufficient moisture. ‘ Fats 
may also undergo hydrolytic change, after they 
have been extracted from the plant or animal 
tissue, as a result of exposure to damp and in- 
fection with lipase introduced by bacteria or 
moulds which have developed on the fat surface. 
The more crude types of animal fats, especially 
low-grade fish oils and no 4 grade whale-oil 
which are produced in part from the intestines 
of the animals, usually possess high free acidity 
owing to partial hydrolysis by lipase present in 
the intestinal micro-flora. The development 
of hydrolytic rancidity is prevented, as mdicated 
earlier, by storage of fat or fat-containmg tissues 
under dry and, as far as possible, sterile con- 
ditions ; where absolutely sterile conditions are 
impracticable, measures such as storage at low 
temperatures or in an atmosphere contaimng 
sufficient carbon dioxide to retard the propaga- 
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tion of bacteria or moulds serve to suppress the 
breakdown of fats into free fatty acids. 

The onset of hydrolytic rancidity is thus 
characterised by increase in the proportion of 
free fatty acids in a fat, and also by the develop- 
ment, to a somewhat indefinite degree, of 
hydroxy he compounds in the neutral fat Fats 
which havo undergone hydrolytic rancidity 
therefore possess acetyl values which may reach 
as much as 30 or 40, due to the step-wise 
hydrolysis of Iriglycendes first to diglycerides, 
and then to monoglycerides, the free hydroxy he 
groups being those of the glyceryl residues in the 
latter two groups of compounds. Transient 
development of small optical rotatory power 
has sometimes been observed in cases of hydro- 
lytic rancidity ; this may be due to the partial 
hydrolysis of optically active asymmetric tri- 
glycerides (which however possess extiemely 
minute rotatory power), the corresponding di- 
and mono-glycoiides having moie definite 
optical rotations {cf Fischer and Baer, Chem 
Reviews, 1941, 29, 287). 

A technical process of fat hydrolysis in which 
plant (castor- seed) lipase is used to convert fats 
into fatty acids and glycerol has been developed 
and is rofeiicd to again in a later paragraph 
(p. 4Gd). 

Hydrolysis of Fats by Alkali. — Saponifi- 
cation of fats by boihng them with a dilute solu- 
tion of caustic soda or caustic potash is the most 
common method of technical fat-hydrolysis, 
since soaps are produced in this way on an 
enormous scale The details of the techniques 
applied are dealt with elsewhere, and here only 
a few general points need bo noticed The soap- 
boihng process demands attention to the relative 
concentration of fat, alkali, and water in order 
to secure a maximum rate of saponification, and 
the mechanism of the hydrolysis has been much 
discussed Certain fats (c g , the nut oils), 
which form more or less stable emulsions with 
caustic soda solutions, undergo progressive 
saponification when such an emulsion is left in 
the cold for a few hours. Both in this “ cold 
process ” and in the soap- boiling process the 
hydrolytic action is at first relatively slow, and 
then more or less suddenly accelerates to a more 
rapid rate which is thereafter steadily main- 
tained. It was formerly supposed that this 
change in rate of saponification depended upon 
conditions being attained whereby the soap so 
far produced served to disperse the fat droplets 
into smaller particles more intimately emulsified 
with the aqueous alkaline phase. Lester Smith 
(J.SCI 1932, 61, 337t; Chem. and Ind 1939, 
87) has shown that this simple explanation, 
based upon action at oil-water interfaces, is 
inconsistent with the progressive changes in 
rate of hydrolysis, and that interfacial action 
only . accounts for the earlier, slow onset of 
saponification ; so soon as sufficient soap has 
been produced, this soap (in which both fats 
and aqueous alkah are soluble) acts as a solvent 
medium for the interactants, so that the later, 
mam stage of the sapomfication proceeds in a 
homogeneous system. This view accounts for 
the “ autocatalytic nature of sapomfication of 
fats by aqueous alkah, since the medium of the 
rapid homogeneous action is itself the product 


of the process ; moreover, the initial slow phase 
can be reduced or ehmmated by adding soap or 
free fatty acid at the commencement of the 
reaction. 

Occasionally, more especially in small factories 
on the Continent, fats are saponified by boiling 
with a thick cream of slaked Lme (about 60% 
excess of that theoretically necessary) and 
water ; when the process is completed, the lime 
soaps may be settled and w^ashed from the lyes, 
or converted into a friable granular powder 
which can readily bo washed with water. The 
lime soaps are converted into soda soaps by 
boiling with sodium caibonate solution, the cal- 
cium caibonate produced being subsequently 
separated from the soda soaps by “graining out 
the latter with brine. The advantage of saponifi- 
cation with lime lies chiefly in the higher con- 
centration of glycerin in the lyes produced, 
compared with that of lye from the ordinary 
soap- boiling process, whilst there is also some 
economy in the steam used for boiling the charge. 

Continuous alkali sapomfication processes have 
been introduced in place of the ordinary soap- 
boiling method. Fats are emulsified thoroughly 
with the theoretical amount of caustic soda or 
sodium carbonate solution and then passed at a 
pressure of 60-100 atm. through a small-bore 
reaction tube, one part of which is held at about 
300°. The actual operation of saponification 
lasts only 30 seconds. The extruded material is 
cooled and converted into soap powder by spray 
drying As in the “ cold process ” of soap 
manufacture, the glycerin produced is retained 
in the soap and cannot bo recovered separately. 

Hydrolysis of Fats by Water in 
Presence or Absence of Contact Agents. 
— A number of processes are m use in which 
alkali 18 not employed during fat hydrolysis. 
These find application especially when the fatty 
acids are required as such, but they are also in 
some favour since, if soaps are the end product, 
the fatty acids can be converted into the latter 
by direct combination with sodium carbonate 
(use of the more expensive caustic soda being 
avoided) These processes also result in 
glycerin liquor of higher concentration than in 
soap-pan lyes, with consequent saving of heat 
for evaporation during glycerin recovery. 

Hydrolysis of fats by water alone requires so 
high a temperature (200-220°) that until recently 
it was not technically feasible, but developments 
m design of high-pressure plant and in acid- 
resisting steels for chemical plant have now 
made such processes possible. Modem plants 
exist in which a mixture of fat and water is 
heated by superheated steam in closed coils in a 
pressure -resisting vessel to a pressure of, or 
greater than, 260 lb. per sq. in., the mixture 
being agitated by mjection of steam at 200-220°. 
The action is allowed to proceed until 60-60% 
of the fat has been hydrolysed, when the 
aqueous glycerm hquors are withdrawn, fresh 
water added, and the process resumed to com- 
pletion. 

A continuous form of high-pressure hydrolysis 
has been proposed (Hoffmann, Ole, Fette, 
Wachse, 1936, 13, 4) m which fat is emulsified 
with water and passed through a heated zone 
at 220-260° under 20-60 atm. Hydrolysis is 
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almost instantaneous and tho products are and at comparatively low temperatures. These 
expanded suddenly into a high- vacuum phase are (i) the use of synthetic emulsifying agents 
wherein fatty acids and glycerol are vaponsed, which promote the hydrolysis of fats by water 
leaving tho small propoition of unhydrolysed and (ii) the use of the natural hydrolytic enzyme 
fat and non-fatty impurities in the hquid phase, lipase 

Fractional condensation of the vapours yields The Contact^' or Tmtchell Process of Fat- 
first the fatty acids and, in a second stage, most hydrolysis. — In this method the fat, mixed with 
of the glycerol as an 80-90% solution. up to its own weight of water, is hetlted to 100° 

Long before high- temperature and -pressure and maintained m gentle ebulhtion with open 
hydrolysis of fats became practicable, a modified steam in presence of a small proportion (i-1% 
process operated at 140-150° and 100-120 lb. of the fat) of one of the synthetic 'contact agents 
per sq. in. pressure (known as the autoclave pro- described below. Hydrolysis is completed m 
cess of fat-sphtting) had come mto common use, from one to two and a half days ; but the pro- 
since it had been found that under these con- cess may be accelerated by interrupting it when 
ditions fats were readily hydrolysed by water about half complete, setthng and withdrawing 
in presence of about 3% of basic metallic oxides as much aqueous glycerin liquor as possible, and 
such as hme, magnesia, or zinc oxide. The resuming tho hydrolysis after addition of more 
process is carried out in cylindrical (preferably water. When 97-98% conversion to fatty 
copper-hned) autoclaves charged with a mixture acids is reached, the charge is boiled with a httle 
of about 4 parts of fat and 1 part of water, to sulphuric acid to disperse any remaining emul- 
which 3% of hme, or lime and zinc dust, is sion, settled, and the fatty acids washed with 
added. (The zinc oxide present in the dust boihng water. Tho “ contact process has 
acts as a hydrolytic agent ; tho metalhc zinc advantages m cheapness of reagents, low steam 
assists in retarding discoloration of the fatty consumption, and production of aqueous liquors 
acids.) Tho contents of tho vessel are kept at with a glycerin content of up to 15%. The fatty 
100-120 lb. per sq. in. pressure for about 12 acids produced tend to be discoloured (although 
hours, during which agitation is ofiectod by claims for specific contact agents include abihty 
passage of a current of steam , about 90% of to produce good- coloured fatty acids), and are 
tho fat IS hydrolysed in 3-5 hours, conversion to as a rule distilled in a vacuum still before techni- 
98-99% fatty acids reqmrmg, however, 10-12 cal use. The time necessary for hydrolysis is 
hours. The finished product is discharged mto longer than in the processes previously discussed, 
a vessel whore it is settled and the lower aqueous In the original form of this process, due to 
layer (“ sweet water,** which contains up to Twitchell, a hydrolytic agent prepared by con- 
16% of glycerin) drawn off for glycerin recovery, densing oleic acid with naphthalene in presence 
The layer of fatty acids is boiled with steam in of sulphuric acid was employed ; the naphtha- 
presence of dilute sulphuric acid to decompose lene residue is condensed with the fatty acid 
metallic soaps present, settled, and tho fatty and simultaneously sulphonated, so that tho 
acids drawn off and washed. product contains (i) a group — SO3H with 

The colour of autoclaved fatty-acids is always strong attraction for water, and (u) an ahphatic 
somewhat defective, even when the older pro- chain compatible with fatty compounds. Conse- 
cess, in which the temperature does not exceed quently the agent is able readily to emulsify fat 
160°, is employed; but this is not a serious with water, and presumably hydrolysis at the 
trouble, since the autoclave or high-pressure oil- water interface is cat i lysed by the strongly 
processes are chiefly used when the fatty acids acidic sulphonic group. In attempts to lessen 
are, in any case, to be subsequently distdled m a discoloration due to the particular contact agent 
vacuum before finding their final technical employed, other compounds of somewhat similar 
application. type have been put forward in place of the 

Another method of fat splitting, that of original Twutchell reagent, such as ^-cymene- 
hydrolysis by sulphuric acid, has been long sulphonic acid, condensation products of 
employed in the case of bone greases and other naphthalene and sulphuric acid with hydro- 
fats of very low quahty, in which the glycerm genated castor oil (hydroxystearic) acids, alkyl- 
obtained would in any case be of no technical naphthalenesulphomc acids, and sulphonated 
value. The crude dry fat is mtimately mixed fractions from the refining of petroleum, 
with 6-8% of 96% sulphuric acid and then The Lipase or Fermentation Process of Fat- 
heated with mechanical agitation in a current hydrolysis. — An active hpase extract which can 
of dry steam at 110-120°, when hydrolysis is be applied in large-scale hydrolysis of fats is 
completed in 8-12 hours. The resulting fatty obtamed by grinding decorticated castor seeds 
acids are naturally very dark coloured and, with water and centrifuging the resulting paste, 
after removal of sulphuric acid by washing. The emulsion obtained separates on standing at 
require distillation in superheated steam or m 23° for a day or two into an aqueous layer and 
a modem vacuum plant before they can be a creamy upper layer of emulsified castor- od 
used. It appears possible that, even for low fatty acids containing the lipase, which is used 
quality fats, this process will gradually lapse m as the hydrolytic agent. 

favour of high-pressure hydrolysis by water The fat to be hydrolysed, which must pre- 
(followed by vacuum distillation of the fatty viously be boiled with dilute sulphuric acid, 
acids). settled, and thoroughly washed, is mixed with 

Hydrolysis of Fats by Water in Presence of an about half its weight of water and 7-10% of the 
Emulsifying Agent — ^There remam to be men- ferment cream in wooden vats kept between 
tioned two processes in which technical fat 20-30° and agitated gently by air admitted 
hydrolysis is carried out at atmospheric pressure through perforated copper coils. Hydrolysis is 



47 


OILS (FATTY) AND FATS. 


completed in the course of 24 hours or more, 
accordmg to the activity of the ferment. The 
emulsified fatty acids are then broken by agita- 
tion with steam and settled, when a clear layer 
of acids separates above a layer of emulsion, 
which must be separated and steamed in presence 
of dilute sulphuric acid to recover more fatty 
acids The hpase hydrolytic process yields fatty 
acids of excellent colour, and aqueous glycerm 
liquors up to 17% in strength, but somewhat 
contaminated by organic impurities ; it has not 
come into very wide use, because of difficulties 
in producing a ferment cream of constant and 
sufficiently permanent enzymic activity, and 
m recovering the fatty acids from the somewhat 
obstinate emulsion which exists at the end of 
the hydrolysis. The process has the advantage 
of operating at little above atmospheric tempera- 
tures. 

Action of Oxygen on Unsaturated Fats 

Gaseous oxygon attacks the unsaturated hnk- 
ings of the higher unsaturated fatty acids, 
esters or glycerides, leadmg to a sequence of pro- 
ducts the nature of which is not in all cases well- 
defined. The oxidation proceeds steadily, if 
somewhat slowly, at ordinary temperatures, and 
much more rapidly at higher temperatures (e gf., 
100-120°). Even m the earlier stages of oxida- 
tion at atmospheric temperature, the products 
formed have more or less definite and un- 
pleasant flavour, and therefore the control of 
atmospheric oxidation of edible fats (leadmg to 
oxidative rancidity) is of great importance. On 
the other hand, intensive atmospheric oxidation 
of highly unsaturated fatty acids, such as 
linseed or tung oil, converts them into hard 
sohd films, so that here the action of oxygen on 
the fatty oil leads to products of definite value 
to the paint, varnish, hnoleum, and some other 
industries. 

The action of atmospheric oxygen on fatty 
oils 18 confined to the unsaturated groups of the 
acyl chains, neither the glyceryl hnking nor the 
carboxyl groups of free fatty acid^s being 
affected. The rate of attack by oxygen depends, 
ceteris panhuSy on the degree of unsaturation. 
Linoleno -glycerides are more rapidly oxidised 
than linoleo -glycerides, and the latter very 
much more rapidly than oleo-glycerides (Gun- 
ston^ and Hilditch, J.C.S. 1945, 836). In the 
earliest stages the process is almost one of 
physical solution or, at all events, of production 
of very unstable oxygen-unsaturated fat com- 
plexes, for the added oxygen can be removed 
again to a large extent by heatmg gently under 
reduced pressure. Simultaneously, however, the 
fat exhibits the reactions of an organic peroxide 
and the peroxide content augments steadily ; at 
ordinary temperatures it may eventually reach 
a high figure, but at, e.g., 100° a lower maximum 
18 comparatively rapidly attained, the peroxide 
content thereafter dechning, evidently in conse- 
quence of further and more complex changes. 
The commonly accepted explanation of these 
changes was that a peroxide is produced by umon 
of oxygen with an ethenoid group, followed by 
its further transformation according to the 
general scheme : 
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(V. Vol. VIT, 32Cd). 

In the case of eljeostearic esters, evidence of 
the production of hydroxyketonic or ketol 
derivatives of the type indicated has been given 
(Morrell and Marks, J. Oil Col. Chem. Assoc 
1929, 12, 183; Morrell and Davis, ibid, 1936, 
19, 264, 359). 

Recently, however, it has been shown that, 
in the oxidation of non-conjugated ethenoid 
long-chain acids or esters at ordinary tempera- 
tures, the mitial product may be a hydroperoxide 
formed by union of oxygen with a methylenic 
group adjacent to an ethenoid bond, the latter 
remammg unaffected. Thus, with methyl oleato 
the product (Farmer and Sutton, J.C.S. 1943, 
119) is: 


CHa-CH.CH* -f Oa 


•CHCH:CH- 


A 


OH 


The initial action of oxygen on such a system 
was considered by Farmer to be the detachment 
of a hydrogen atom from the reactive methy- 
lenic group with formation of a free radical 

CH CH.CH , 


which is m a state of resonance and may re- 
arrange to 

•CH:CHCH-. 


This leads, in non-conjugated poly ethenoid 
systems, to the production of some conjugated 
ethenoid isomerides and their resultant per- 
oxides (Farmer, Koch, and Sutton, ihid, 1943, 
541; BoUand and Koch, ibid. 1945, 445, 
Gunstone and Hilditch, ibid, 1945, 836). 

Subsequently production of polymers of high 
molecular weight may arise from these latter 
conjugated isomerides as such, or may be due 
to condensation products from ketol, etc., 
derivatives or other oxygenated products. This 
subject still awaits adequate explanation. 

As oxidation proceeds, molecular fission at the 
original points of combination of oxygen with 
the unsaturated acyl chains may take place, 
short-chain aldehydes and acids being pro- 
duced, The flavours of rancid (oxidised) fats 
may originate either from these or from the 
organic peroxides themselves. When peroxide 
formation (with subsequent secondary changes) 
has proceeded extensively m the more un- 
saturated “ drying ’* oils, aggregation of the 
oxidised glyceride molecules sets m and thick, 
viscous {“ blown **) oils or colloidal gels or 
films (e.gr., “ dried ** hnseed or tung oils) may 
be formed (v. Drying Oils, Vol. IV, 91o- 
93a). 
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The further details which may be mentioned 
in this article with reference to the atmospheric 
oxidation of fatty oils may be considered from 
the standpoints of the development of oxidative 
rancidity in edible fats and of thickened or 
colloidal lilm products from the more un- 
saturated or “ drying ” oils 

Oxidative Rancidity m Edible Fats. — 
The onset of oxidation is accelerated by various 
conditions and, correspondingly, can be retarded 
or minimised by measures which exclude the 
operation of these factors The oxidation pro- 
cess 18 autocatalytic m the sense that the organic 
peroxides initially formed act as catalysts and, 
when once formed, accelerate the combination 
of oxygen with the rest of the unsaturated fat. 
Other substances, especially certain metals and 
metallic oxides (including copper, cobalt, iron, 
manganese, and some others) and some complex 
natural organic compounds (such as haematm 
or enzymes of the peroxidase group) are active 
positive catalysts for the addition of oxygen to 
unsatiirated fats It is important for this 
reason to exclude all traces of these metals and 
their oxides (in practice, especially copper and 
iron) from edible fats. Plant for edible-fat 
manufacture should bo constructed of resistant 
(e g , nickel-chromium, etc ) steel or of 
aluminium. 

Atmospheric oxidation of fats is also much 
accelerated by light of certain wave-lengths, 
notably by ultra-violet light waves of 290- 
400 m/x. and by visible light in the blue region 
of the spectrum of wave-length shortoi than 
about 500 m/a , light of longer wave-length being 
comparatively or wholly inert. Oxidative 
rancidity of fats can therefore be retarded by 
storage in the dark or in vessels or wrappeis 
coloured so that they do not transmit light of the 
active wave-lengths. The photochemical cha- 
racter of atmospheric oxidation of fats at low 
temperatures is utilised for “ accelerated oxida- 
tion tests,” in which fats are exposed to light of 
definite intensity under standard conditions of 
exposure to air, and the development of per- 
oxides (cj. infra) plotted over a period of some 
hours or days , in this way the relative stability 
of different fats to oxygen during storage, etc , 
can be predicted with some accuracy in a tost 
which occupies a comparatively short time 
compared with that taken by the fat to de- 
teriorate under normal conditions. 

Inhibitors of Oxidation (Anti-oxidants) — There 
are negative as well as positive catalysts of 
atmospheric oxidation of fats and, indeed, most 
fats and fatty oils contain traces of natural 
organic compounds (non-fatty in nature) which 
retard oxidation. To this fact is due the well- 
known phenomenon of an “ induction period ” 
at the onset of oxidation, during which little 
or no action occurs , subsequently oxidation 
sets in at a rate which increases rapidly to a 
steady maximum. This is explained on the 
hypothesis that such negative catalysts or 
“ anti-oxidants ” are selectively attacked by 
oxygen and, until they have been more or less 
completely oxidised, prevent the propagation 
of oxidation by a chain -reaction throughout the 
molecules of the fat glycerides (c/. Moureu and 
Dufraisse, Compt. rend. 1922, 174 , 258, 175 , 


127; Christiansen, J. Physical Chem 1924, 28, 
145). Natural anti-oxidants which accompany 
fats are probably complex in character and of 
fairly high molecular weight, and are conse- 
quently largely removed from the fats during 
refining processes such as alkali neutralisation 
or treatment with adsorbent earths ; for this 
reason refined edible fat? are frequ(Hitly much 
more prone to oxidative rancidity than the 
crude fats which contain a larger (albeit still 
minute) concentration of the protective factors. 
The nature of the natural anti -oxidants is not 
known with great certainty , probably the basis 
of most is the presence of compounds containing 
polyhydroxyphenolic residues, but such com- 
pounds also probably exist as complexes with, 
e g , carbohydrates or protein It seems certain 
that none of the simpler compounds winch have 
been isolated from the non-fatty matter of 
crude seed-oils or the corresponding extracted 
seed-meals (e g,, tocopherols, Olcott, and Mattill, 
J. Amer. Chem. Soc. 1934, 56 , 2405, 2492, 
1930, 58 , 1027, 2204, etc ; chromanquinols, 
Golumbic, ibid 1942, 64 , 2337 , polyhydroxy- 
phenolic derivatives containing basic oxygen or 
nitrogen, Hilditch and Paul, J S C I 1939, 58 , 
21) have been obtained in a state of activity 
equal to that shown in their natural condition. 
The anti-oxidants in question have been shown 
(Hilditch and Paul, Ic ) to be present in much 
greater propoition in the extracted seed-meal 
than in the fats derived therefrom, and it seems 
possible that the complex of active anti-oxidant 
with other organic material in the endosperm 
18 dispel sible in the fat and affords a degree of 
protection greater than that which has yet been 
effected by addition of small proportions of 
known compounds of an anti-oxidant character. 

A wide variety of artificial anti-oxidants have 
been recommended for the prevention or retarda- 
tion of oxidative rancidity. In addition to 
synthetic compounds, reference may first be 
made to the use of cereal and soya- bean flours 
as anti-oxidants in fats (Musher) Hydro- 
qimione, pyrocatechol, and other polyhydroxy- 
phonols are po>^orful anti-oxidants m concentia- 
tions of the order of 0 05%, and other phenols, 
including j8-naphthol and some other hydroxy- 
lated naphthalenes and anthracenes show similar 
action. Gallic acid and its esters have also been 
found to be efficient anti-oxidants for fats. 
Many substituted ammo-compounds ofo the 
phenylenediamine, aminophenol, etc., series, 
thio-ammo compounds, cyanamide derivatives, 
etc., also have anti-oxidant properties. Some 
aliphatic hydroxy- or ammo-acids have been 
reported to have similar properties, as also 
have lecithin, sulphites, and phosphates. In 
general, the presence of moisture tends to retard 
oxidation in fats The use of these substances 
in edible fats is primarily determmed by con- 
siderations of toxicity (which rule out many of 
them). For the rest, the value of a particular 
compound varies with conditions ; for example, 
a particular anti- oxidant may be more efficient 
m protecting fat m a homogeneous phase than 
when it 18 present as an emulsion with water, 
e g.y in butter or margarine. Again, combmations 
of anti-oxidants of two different types (e.g.y 
tocopherol and an acid) may in some cases exert 
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a more pronounced retarding action than either 
alone, whilst the physical state of the anti- 
oxidant compound and of the fat to be protected 
undoubtedly has a profound influence on the 
protection afforded. The practical application 
of anti-oxidants in controlling the onset of 
oxidative rancidity in fats has, in fact, not yet 
by any means reached a satisfactory solution 
(see Hilditch, Chem and Ind. 1944, 67 ; Matill, 
Oil and Soap, 1945, 22, 1). 

Detection of Oxidative Rancidity in Fata . — A 
number of tests for assessing rancidity, or 
proneness to rancidity, m fats have been put 
forward. The determination of organic per- 
oxides present by measuring the amount of 
iodine liberated when 1 g of fat is allowed to 
interact with potassium iodide in acetic acid 
solution leads to what is termed the “ peroxide 
value” (Lea, Proc. Roy. Soc 1931, B, 108, 175; 
J S.C.I. 1934, 53, 388t, Wheeler, Oil and Soap, 
1932, 9, 89). If the peroxide tests are “ ac- 
celerated ” by exposure to strong light (v 
supra) they can be used to forecast approxi- 
mately the rate at which a given sample of fat 
will develop oxidative rancidity under normal 
conditions of storage. It should bo noted that 
a single determination of the peroxide value of 
a sample of fat of unknown history may not be 
informative, since a very rancid fat may have 
relatively little peroxide, the latter having 
already passed into other forms by secondary 
changes , a senes of tests on the progressively 
oxidising fat is usually necessary m order to 
draw correct conclusions. 

Other tests depend on the formation of traces 
of scission products, acidic or aldehydic In the 
Swift ” heat-accelerated ” test, air is passed 
through the fat at 95° and subsequently 
examined by an indicator to detect the first 
formation of acidic compounds in the exit 
gases , the time taken to develop volatile acid 
compounds indicates the proneness of the fat to 
become rancid by oxidation Similar tests 
designed to detect tiacos of aldehydic products 
are those of Von Fcllenberg (restoiation of 
colour to a fuchsin solution decolorised with 
bisulphite solution), Schibstcd (coloration re- 
developed when a standaid solution of ros- 
aniline hydrochloride decolorised with sulphur 
dioxide is shaken with a solution of the fat in 
light petroleum), and Lea (direct volumetric 
measdrement of the amount of bisulphite 
required to combine with the aldehydes present 
in 1 g. of rancid fat). 

The Kreis-Kerr test for rancidity consists 
essentially in shaking a dilute benzene solution 
of phloroglucmol with the fat in presence of 
hydrochloric acid, when rancid fats cause the 
development of a pink colour, the intensity of 
which, under standardised conditions of test, 
can be made a guide to the degree of rancidity 
of the fat. The fat degradation product which 
condenses with phloroglucinol to the coloured 
compound is opihydnnaldehydo, 

/ 0 \ 

CHj— CHCHO 

(Powick, J. Oil Fat Ind. 1924, 1. 63 ; 1928, 6, 
107). This compound is conceivably produced 

VoL. IX.— 4 
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by disruption of a molecule of peroxide (most 
probably from a linoleio group, e g., 

•CH — CH CHa CH — CH- 

or 

•CHiCH CH CH CH ). 

Aoh 

The Kreis-Kerr test has been further stan- 
dardised by Taufcl and co-workers (1930-36). 

Ketone Rancidity. — A special typo of oxidation 
of the saturated acids from capric to myristic 
is effected by certain moulds of Penictlliurn and 
alhed species, accordmg to the following scheme . 

RCHgCHa-COOH -> 

R CH(0H) CH2 C00H 

RCOCHjCOOH -> RCOCH 3. 

These lower saturated acids thus pass, by 
j3-oxidation and decarboxylation, into methyl 
ketones, launc acid, for instance, yielding 
methyl n-nonyl ketone (Starklc, Riochem. Z 
1924, 151, 371). The methyl ketones possess a 
heavy characteristic perfume, which taints 
coconut and similar oils which have become 
subject to this form of oxidative rancidity. 
Ketone rancidity does not respond to the Krcis 
teat, but shows a colour reaction with salicyl- 
aldehyde (Taufel, Chem.-Ztg. 1932, 56, 265). 

For a wider discussion of rancidity reference 
should be made to the monograph by Lea on 
” Rancidity in Kdible Fats ” (i) S.I R Food 
Investigation Kept. No. 46, 1938) 

Oxidation of ** Drying Oils (v. Vol. VT, 
926). — Amongst the few detailed studies of the 
constituents of an oxidised fatty-oil film are 
those of Morrell and co-workers (I c ) who, in 
the case of ela?ostearic glycerides, put forward 
evidence that, of the three conjugated ethenoid 
groups, that in the J®-po8ition yields a peroxide 
which rearranges to a ketol group, whilst that 
in the J^^.position remote from the carboxyl 
group forms a peroxide of basic character which 
is unstable, but takes part in polymerisation of 
the oxidised fatty molecules without isomeri- 
sation to a ketol derivative. Beyond this, little 
definite information has yet been offered as to 
the precise chemical constitution of oxidised 
“ drying ” oils In the early stages of oxidation, 
the mechanism is doubtless the same as in the 
onset of oxidative rancidity. With “ drying ” 
oils, however, it is technically desirable to 
accelerate instead of to retard the oxidation 
and thus to destroy rather than to augment the 
natural anti-oxidants in the crude oil. This 
underlies the technical conversion of raw into 
boiled linseed oil. 

Action of Heat on Unsaturated Fats 
(” Drying ” Oils), 

Fats and fatty oils, unless of the “ drying 
type, exhibit httle alteration when heated m 
absence of air until a temperature of over 300° 
IS reached ; at higher temperatures decom- 
position sets in, acrolen) being hberated from 
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the glycerol residues, whilst some conversion 
of the acyl groups into hydrocarbons and also 
ketones of high molecular weight takes place 
Under conditions similar to those used m the 
“ hydrogenation- cracking ” of petroleum oils 
(exposure to temperatures above 400° under 
high pressure of hydrogen and in presence of 
2-3% of a catalyst, e g., nickel) fatty oils under- 
go pyrolytic decomposition and yield hydro- 
carbon oils which can be used, after fractionation, 
for internal combustion engines This possi- 
bility has attracted some attention in countries 
where vegetable oils are abundant and there is 
little or no indigenous supply of petroleum or 
coal (Maihle, Compt. rend. 1921, 173, 358, 658, 
Sato, J.S.C.I Japan, 1927, 30, 242, 261 , 1936, 
89 , 22B ; Auto-Engineer, 1938, 28 , 298 ; Office 
du Niger, Bull. Mat Grasses, 1938, 22 , 205) 
Thermal Polymerisation of “ Drying ** 
Oils {v Vol. IV, 88d-90r). — Fatty oils which 
contain high proportions of triethenoid acyl 
groups undergo polymeric changes when heated 
at temperatures between 280° and 300° The 
behaviour of oils rich in conjugated triethenoid 
groups (tung and oiticica oils) differs sharply 
from that of oils (such as linseed or perilla) 
which contain no conjugated, but only linolenic 
and Imoleic, glycerides, and may be considered 
first. In the course of a few minutes (9-10 
minutes m the case of a good genuine tung oil) 
at 290-296°, tung or oiticica oils pass into a 
stable, fnable colloidal gel sohd at the ordmary 
temperature The amount of conjugated un- 
saturation present m the gelled tung- oil is very 
much less than that in the original oil, and it 
may therefore be concluded that the polymeri- 
sation which has taken place has involved 
mteraction or union at the conjugated un- 
saturated groups. Prior to complete gelation, 
tung oil at 290° passes through stages of thicken- 
ing or increased viscosity (“ stand oil ” forma- 
tion) analogous to those produced, but much 
more slowly, when hnseed oil is similarly heated 
When linseed oil is heated in absence of air at 
similar temperatures, two distinct phases of 
reaction may be distinguished. In the first 
place, the iodine value falls fairly rapidly to 
about 100, the specific gravity increases (from 
0*92 to about 0 97), but there is only com- 
paratively small mcrcase in the viscosity of the 
oil ; at this point (iodine value about 100) nearly 
all hnolenic unsaturation has disappeared from 
the product, which is known technically as thin 
stand oil. On more prolonged heating of the 
oil at 290°, its viscosity rapidly increases until 
the “ stand oil ” produced is very thick and 
VISCOUS, but still quite clear and with no ten- 
dency to form a sohd gel; during this second 
phase there is comparatively little further 
reduction m iodine value. It is clear from the 
fall of iodine value in the first phase of heat 
treatment that a considerable part of the original 
unsaturation disappears owmg to changes such 
as cychsation or polymerisation. It is at present 
behevod that such changes are preceded by re- 
arrangement of non-conjugated to conj'ugated 
ethenoid systems in the unsaturated glycendes, 
for it has been observed that during this process 
the maleic-anhydride values of the oil mcrease 
somewhat and that, <ooincidently, a certain 


amount of ultra-violet absorption is developed 
at 230 m/a. and 270 mji., charactenstic respec- 
tively for conjugated di- and tri-ethenoid long- 
chain compounds (Bradley and Richardson, 
Ind. Eng. Chem. 1940, 32, 963). Steger and 
Van Loon (Fettchem. Umschau, 1936, 42, 217) 
fractionally distiUed the produces of heat 
treatment at 290° of ethyl linoleate, and detected 
the presence of about 6% of conjugated octa- 
decadienoate, probably produced relatively 
slowly but then continuously transformed into 
polymerised non-distillable products. 

The nature of the polymerides finally produced 
has also been experimentally studied, but the 
problem is very difficult. Waterman and 
Oosterhof (Rec trav. chim. 1933, 52, 895) passed 
a thick linseed-oil stand-oil through a “ mole- 
cular still ” at extremely low pressure and 
separated it into about 30% of distillate of an 
average molecular weight of 760, and 70% of 
non- volatile polymers with an average molecular 
weight of about 3,500 Other investigators, 
studying heat-polymerised esters of individual 
(hnoleic, linolenic, or elseostearic) acids, have 
isolated, inter alia^ cyclic monomeric and dimeric 
products in the form of fairly mobile bquids 
which distil freely under a vacuum of about 
0*2 mm., and thus are obviously intermediate 
or else side products lacking all the properties 
of the more completely polymerised oils Cyclic 
monomers appear to contain six-carbon ring- 
systems formed from conjugated triene systems, 
but the structure of the cyclic dimerides is less 
certain ; possibly these also contain six -carbon 
rings, less probably the ring system may contain 
more than six carbon atoms or may be a cyclo- 
butane system, or, again, rearrangement of an 
initially formed cy do butane system 

XCH— CH Y 

I I 

X CH— CH Y 

may take place to yield acyclic dimeric products 
siich as X CHg-CHY-CY.CHX, etc. (Morrell). 

Beyond this, the many views which have been 
expressed as to the possible constitution of 
polymerised oils rest rather on hypothesis and 
speculation than on experimental evidence It 
IS generally agreed that both chemical and 
physical forces may come into action ; that 
ordinary chemical changes account at lea*st for 
the earher stages of polymerisation, whilst, in 
the later stages leadmg to very viscous fiuids or 
sohd colloidal gels, forces of a physical, “ van 
der Waals ” type set up between the remain- 
ing unsaturated groups of the chemically- 
polymerised molecules come mto play (Bradley, 
Kappelmeier, Rossmann). Womum (J. Oil 
Col. Chem. Assoc. 1936, 19, 42) distmguishes 
between two possible types of polymers : 
onented, or fibrillar structures dependent on 
links of a chemical nature, and a plastic, non- 
onented structure held by cohesional or “ van 
der Waals ” forces. It is well also to bear in 
mind that intermolecular polymeric association 
of glycerides involves three-dimensional con- 
siderations and that union, for example, between 
two acyl chains in two different triglyceride 
molecules affects in all six acyl chains (four of 
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which may not be directly concerned in the 
change). The structural possibihties involved 
m the formation of a polymer equivalent in 
molecular size (say 3,500) to four or five com- 
bmed triglyceride molecules are thus formidably 
complex. The possibihty of something akin to 
mechanical interlocking of molecules by means 
of some of their long-chain acvl groups (Ross- 
mann, Fette u. Seifen, 1937, 44 , 189, 434), in 
addition to capillary or cohesional forces, should 
perhaps not be overlooked 

Action of Hydrogen on Unsaturated 
Fats. 

The catalytic addition of hydrogen to un- 
saturated organic compounds in presence of 
nickel and a few other common metals, sys- 
tematically studied in the vapour phase by 
Sabatier and co-workers, became of great 
technical importance when Normann showed 
that fats could be hydrogenated in the liquid 
state. Hydrogenation of fats is considered in 
detail elsewhere in this Dictionary {v Hydro- 
genation, Vol VI, 347c, Catalysis in In- 
dustrial Chemistry, Vol. II, 422d) 

Action of Sulphuric Acid on Fats. 

In addition to the hydrolysing action on fats 
of concentrated sulphuric acid at temperatures 
somewhat above 100° (c/. supra^ “ Hydrolysis 
of Fats,” p. 44d), the interaction of sulphuric 
acid with two classes of fats at lower tempera- 
tures leads to products which have proved of 
technical value as textile detergents and also in 
special types of lubricating oils and emulsions. 
These materials, formerly known as “ sul- 
phonated oils,” are more properly termed sul^ 
phated oils. 

Sulphuric acid interacts readily with alcohohe 
hydroxyl groups when these are present in a fat, 
yielding the monosulphuric acid ester of the 
alcohol. The most important case is that of 
snlphated castor oil, in which the ncinolcic 
groups of the glycerides are converted by sul- 
phuric acid into the sulphuric esters 

CHg [CHJs CH(0 SOgH) CHg CH CH [CHg]^ COO—, 

The alkali salts of the product, known since 
1875 as Turkey -red oil because it was first used 
in preparing cotton for dyeing and printing 
with 4;he alizarin dyestufi Turkey Rod, are 
moderately good wetting and emulsifying agents 
with detergent qualities, and have been widely 
used in the textile industries ^lore recently, 
sodium salts of mono-sulphuric esters of the 
higher fatty alcohols, such as lauryl, cetyl, or 
oleyl, have become technical products of specific 
value either as detergents capable of use in hard 
as well as soft water (owing to the solubility of 
calcium or magnesium salts of the alcohol sul- 
phates) or as wetting-out, emulsifying, or dis- 
persing agents. 

Sulphuric acid also interacts, however, with 
the ethenoid groups of unsaturated fatty acids 
or glycerides. Thus, when oleic acid is treated 
with concentrated sulphuric acid at 0°, the action 
consists almost exclusively of addition at the 
double bond, yielding the sulphuric ester : 

•CH:CH4-H2S04 •CH2CH(0 S 03 H)- 


At 20° the ester is formed, but largely hydro- 
lysed to hydroxy-stearic acid, most of which is 
further converted into estolides by condensation 
of the hydroxyl group of one molecule with the 
carboxyl group of another (Reiss, Collegium, 
1931, 557). 

Whereas sulphuric esters of this type are pro- 
duced by the moderated action of sulphunc acid 
on oleic or ricmoleic acids, if the process is 
conducted under more drastic conditions, e g , 
at temperatures of 35° or somewhat above, or 
in the presence of dehydrating agents such as 
acetic anhydnde, fuming sulphuric acid, or 
chlorosulphonic acid, true sulphonic derivatives 
are produced instead of, or as well as, the sul- 
phuric esters, the action proceeding as follows : 

CH.CH + H2S04-> •CH(OH) CH(S03H)- 

Sulphated cod- and some other fish-oils, sul- 
phated sperm-oils, and sulphated neats^-foot oil 
are largely employed in fat-liquoring and 
“ stuffing ” emulsions m the leather trades, and 
also in cutting oils and some other special types 
of lubricants. Stdphated oleines, produced from 
technical oleic acids, also find similar use. 

The technical analysis of sulphated oils and 
oleines demands somewhat different techmque 
from the routine examination of fatty oils (c/. 
D. Burton and G. F. Robertshaw, “ Sulphated 
Oils and Allied Products,” A. Harvey, 1939). 

Action of Halogens on Unsa.turated 
Fats. 

Although they are not used to any large extent 
technically, the additive products of halogens 
and some other compounds with unsaturated 
fats and fatty acids are important both in quali- 
tative identification and in quantitative measure- 
ment of mixtures of glycerides or fatty acids 
Chlorine and bromine unite additively with the 
ethenoid bonds of unsaturated fats with com- 
parative ease, but in the case of iodine the 
action IS far from complete unless special agents 
are employed. The bromo-additive products 
formed with Imoleic and Imolenic acids servo to 
characterise the latter (c/. this Vol., pp. 6 Id, 625). 
Oleic and elaidic acids yield two different 
9.10-dibromostearic acids, each of which reverts 
on treatment with powdered zme to the acid, 
oleic or elaidic, from which it was produced. 
Hypochlorous acid, produced in situ, e.g., from 
sodium hypochlorite solution and a current cf 
carbon dioxide, similarly unites with unsaturated 
fats or fatty acids, formmg mainly chloro- 
hydroxystearic acids (Albitski) ; these may be 
transformed by appropriate agents into oxido- 
stearic, dihydroxystearic, and other acids. The 
study of these interactions has proved of value 
in connection with the stereochemical relation- 
ships of oleic, elaidic, and the corresponding oxy- 
denvatives of stearic acid. 

The most important appheation of the halo- 
gens, and of some other compounds with similar 
additive properties, lies, however, in the deter- 
mination of unsaturation of fats (v Oils 
(Fatty) and Fats, ^Technical Analysis of, 
this Vol., p. 62c). This is usually determined 
as the “ iodine value,” or absorption of iodine 
by 100 parts of the fat Dr fatty-acid mixture, 
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and measured by allowing a solution of fat to 
stand m contact with a reagent containing iodine 
in a form which will combine quantitatively with 
the (non-conjugatcd) ethenoid unsaturation 
present. 

Kaufmann (1025) observed that glacial acetic 
acid solutions of thiocyanogen, (CNS) 2 , can bo 
made to react quantitatively with oleic acid and 
its glycerides, but do not unite completely with 
linoleic or linolenic acids and their glycerides 
This has been made, in conjunction with iodine- 
value determinations, a means of determining 
the proportions of each of these acids or their 
glycerides in mixtures (such as the “ drying ” 
oils) which contain all three foims of unsatura- 
tion (v this Vol , p 616). 

Acton of Sulphur and Sulphur 

Chloride on Unsaturated Fats. 

When the natural (cis-) forms of oleic and 
other unsaturated glycerides are heated in 
presence of small propoitions of sulphur at 
200-230° isomerisation occurs and the equili- 
brium mixture of cis- and irava- (oleic and 
elaidic) forms is produced (Rankow, 1929) ; at 
the same time much of the sulphur becomes 
combined with some of the fatty oil Selenium 
IS a still more potent catalyst at 200-220° for 
this mtcrcon version of geometrical isomendes 
(Bertram, 1936). 

From a technical standpoint the action of sul- 
phur on unsaturated oils at 130-160° is more 
important, since it leads to the formation of 
vulcanised oils or factice — products which have 
been used as rubber substitutes or in special 
varnishes. Oils such as linseed, castor, rape, 
cottonseed, and marme-amnial oils, when heated 
with up to 40% of their weight of powdered 
sulphur for some time at about 150-160°, com- 
bine with the suljihur, apparently in somewhat 
analogous fashion to that m which they combine 
with oxygen. The final product is a dark- 
coloured clastic, sticky or friable mass known as 
factice {v^Yol IV, 590a). Treatment with smaller 
proportions of sulphur gives dark, viscous, vulcan- 
ised oils w hich are used in leather varnishes. 

Vulcanised oils are, however, more largely 
produced by the similar combination of sulphur 
chloride, S 2 CI 2 , with the unsaturated fatty oils 
mentioned, which takes place readily in the cold. 
The process is usually conducted by adding sul- 
phur chloride gradually to a solution of the oil 
in carbon tetrachloride. Hydrogen chloride is 
liberated during the action, but the products 
contain combined chlorine as well as sulphur. 
The materials finally obtained by combination 
of the oils w ith over 50% of their weight of sul- 
phur chloride are cream or pale-yellow coloured 
elastic, friable masses, which find use as rubber 
substitutes. Lightly vulcanised oils containing 
5-10% of combined sulphur somewhat resemble 
stand oils ; in thin layers they dry slowly, yield- 
ing tough, elastic films which are very resistant 
to water. Such sulphurised oils are used as 
varnishes for leather and for rubber articles 
such as overshoes. 

The mechanism qf the action of sulphur on 
unsaturated fatty oils has boon considered, 
inter aha, by Whitby# (J.S.C.I. 1926, 45, 115t), 


Knight and Stamberger (J.C.S. 1928, 2791), and 
Hollander (Farben.-Ztg. 1930, 36, 998). 
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T. P H 

OILS (FATTY) AND FATS, TECH- 
NICAL ANALYSIS OF.* The following 
account of the methods used in the analysis of 
oils and fats includes all the methods of major 
importance in current use, but omits a number 
that have been employed in the past which have 
now become obsolete and are of historic interest 
rather than practical use. 

Many of the methods dealt with have been the 
subject of standardisation, and are officially 
recognised m one countiy or another. In such 
cases the wording here given does not necessarily 
follow the official description as a considerable 
degree of compression has been necessary. -The 
vast amount of work continually being published 
on the subject renders it impossible to liave 
included full reference to all papers. 

Attention has been confined to methods 
dealing with oils and fats themselves, and 
methods dealing with fatty foods, soaps, and 
certain technical oils are not included. 

General. 

For the purpose of analysis the fatty oils may 
be thus classified 

Crude and Refined Oils: Oils that have 
been subjected to one or more of the pro- 
cesses of neutralisation, bleaching, harden- 
ing, deodorisation, and esterification. 

Manufactured Products : Stearinos, oleines 
(pressed), cooking fats (compound lards), 
margarines. 

Technical Oils * Boiled, blown, and stand 
oils, sulphur oils, sulphated oils, halo- 
genated oils. 

By-products . Soap-stock, acid oils. 

Crude and Refined Oils are analysed for 
the assessment of their quality and m some cases 
special dotermmations are made for other pur- 
poses, e g , the specific gravity of a sample of 
oil may be determined under strictly defined 
conditions of temperature and degree of solidifi- 
cation for the purpose of arriving at the weight 

♦ The superior figures following Authors’ names 
refer to Bibliography at the end of the artlck*. 
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of the parcel from which it was drawn, by cal- 
culation from an observed volume. Commercial 
contracts usually call for various standards of 
acidity, colour, and freedom from contamination 
by moisture, mineral matter, organic dirt, and 
mineral oils. There may also be contract 
standards of titro in tallows and peroxide value 
(indicative ?)f liability to rancidity) in edible 
oils. There will be a general requirement that 
the oil should bo free from adulteration, and 
this can be determined only by a careful study 
of the various analytical figures found, and of 
corresponding data for likely adulterants. The 
palatability of deodorised oils and the degree 
of success that has been achieved m preparing 
them are assessed by the subjective method of 
tasting. 

Tests generally applied for arriving at the 
degree of purity of an oil include melting-point, 
setting-point, titre, specific gravity, refractive 
index, saponification value, percentage and 
iodine value of the unsaponifiable matter, 
iodine value, sterol acetate test, the Halphen, 
Baudouin, and Fitclson colour tests, Evers test 
for arachis oil, and at times the thiocyanogen 
value. Tests of special value in dealing with 
specific oils include , 


Almond, apricot, poach, 
and plum- kernel oils 
Arachis oil 

Castor oil 

Chanlmooura oil 
Cottonseed oil 


Kapok oil 
Linseed oil 
Maize oil 
Oiticica oil 
Olive oil 

Pcrilla oil . 
llape oil 


SesannS oil 


Bieber test 

Determination of arachidic 
acid, smoke point 
Acctvl value, \iscosity, 
solubility tests 
Optical rotation 
Titre, llalphen test, smoke 
point, determination of 
gossypol 
llalphen test 
Insoluble bronudes test 
Smoke point 
Maleic anhydride value 
Iodine value of iinsaponift- 
able matter, Fitelaon test 
Insoluble bromides test. 
Viscosity, flash point, io- 
dine ^ aluc of acids form- 
ing lead salts insoluble 
m ether 
Baudouin test. 


Soya oil . 

Teaaeed oil 
Tung oil . 


Cod-livcr oil 

Halibut-liver oil 

Shark oils 

Whale oil . 

Dolphin oils . 

Coconut and palm-kernel 
oils, stearmes and 
oleines 
Cocoa butter 
Borneo tallow 

Lard and lard stearin 


Tallows 
Butter fats 

Hardened oils 


Insoluble bromides test, 
determination of lecithin. 

Fltelson test 

Polymerisation tests, un* 
polymerisable extract, 
maleic anhydiide value 

Cold test, blue value, tests 
for vitamins 

Blue value, tests for vita- 
mins 

Blue value, unsaponifiable 
matter 

Test for fuel oil contamina- 
tion 

Beichert and Kirschner 
values. 

Reichert and Polensko 
values 

J ensen solidiflcation test 

Jensen solidiflcation test, 
unsapomflable matter 

Melting-point and micro- 
scopic examination of 
crystals deposited from 
solution in ether 

Titre test 

Reichert, Polenske, and 
Kirschner values 

Lead salt separations, de- 
termination of fully satu- 
rated glycerides 


The normal limits of variation for the analyt- 
ical figures of the commoner oils and fats are 
shown in the following tables, the data in which 
will be found of use m dotermming the nature 
of an unknown oil, as well as for the establish- 
ment of the purity of oils from known sources 
All iodine values in the tables are determined 
by the Wijs method 

Manufactured Products. — ^Tho stearines 
and oleines produced from tallows, coconut oil, 
and palm-kernel oil by pressure bear obvious 
relationships to their parent oils, and the 
methods used foi the examination of the latter 
are generally applicable. The manufactured 
products may exhibit a wide variation of hard- 
ness with corresponding variations in the 
analytical figures, and the general direction of 
these variations is indicated in tho following 
tables. 


Table I — Animal Fats. 



Butter fats 

Beef tallows 

Lard 






Premier 

JUS * 




Cow 

Goat 

Sheep 

Buffalo 

Steanne 

Oleine 


Meltihg-point 









Incipient, ®c . 
Complete, °c 

28-34 

27-38 



— 

47-49 

50-54 

vanahlo 

35-46 

Solidifying point, 
Titre, 

19-24 

24-31 


— 

32-37 

47-50 

— 

25-30 

33-38 

— 

— 

— 

42-45 

48 -51 

— 

— 

Specific gravity . 

0 936- 




0 937- 




at 15/15°o 

— 

— 

— 

— 

— 

— 

0 944 




0 053 



0 860- 

at 100/100°F 

0 910- 

— 

— 

— 

0 860- 

— 

— 

0 913 




0 802 



0 802 

Refractive index. 





47-49 

46-48 

47-49 


Zeiss at 40°c . 

42-44 

45 

45 

42-45 


Saponification value 

222-232 

221-240 

216-240 

207-229 

105-200 

192-197 

198-202 

193-190 

Unsaponifiable mat- 
ter % 

0 3-0 0 

„ 




0 2-0 4 

— 

— 

0 2-0 4 

Iodine value 

33-45 , 

21-39 

25-38 

ca 36 

32-46 

18-25 

46-51 

55-68 

Reichert value 

24-33 

20-29 

23-33 

28-33 

0 2-0 9 

— 

— 

— 

Polenske value 

1-7-3 5 

■ — 

— 

— 

— 


— 

— 

Kirschner value 

20-26 

— 

— 

— 

— 


— 

— 

Baryta value (soluble) 

57-70 

— 

— 

— 

8 

0 5 

12 


Free fatty-acid as 
oleic % . . . 

0 2-1 

— 

— 

— 

0 2-0 5 

0 1-0 3 

0 2-0 6 

0 1-0 8 


Technical tallows give similar flguies with the exception of acidity, wlilch may range up to 50%. 
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Table II — Fish and Marine -animal Oils. 



( ‘od 

Halibut 

Heriing 

Men- 

Sardine 

Whale 

Dolphin 


li\ or 

li\cr 

haden 

Body 

Jaw 

Titre, ”0 

Specific Rra\ itv 

17-18 

— 

26-30 

— 

25-28 

22-24 

— • 

— 

at 15 5/15 5°C 

Refractive index, 

0 022- 
0 920 

0 922 

0 925 

0 917- 
0 930 

0 929- 
0 931 

0 932- 
0 935 

0 921- 
0 920 

0 931 

0 923 

Zeiss at 40''c 

67-73 5 

66 5-79 5 

58-63 

79-81 

70-73 

57 5-60 

59 

29 

Saponification n aluc 
Unsaponiflablc mat- 

180-190 

170-180 

184-191 

188-194 

188-192 

193-197 

215 

27.5 

ter % 

up to 1 5 

8-13 

1-2 5 

0 5-1 5 

05 09 

up to 1 5 

1 2 

16 

Iodine value 

Free fatty- acid as 

155-173 

120-136 

105-125 

160-180 

173-190 

108-130 

140 

30 

oleic % 

up to 0 6 

— 

2-8 

2-7 

1-4 

up to 2 0* 

0 3 

0 5 

Insoluble bromides % 

30-35 

— 

10 25 

ca 50 

— 

20 30 

— 

— 

Blue value (Farr-Prico) 

over 0 

400-3,000 

— 

— 

— 

— 


— 

Reichert ‘Value 

■ 






27 

140 


* For Kradc 1 oil 


Table HI — Vegetable Fats. 




Coconut 


Palm keinol 

Palm 

oil 

refined 

( 'oeoa 

Borneo 


Oil 

ciiide 

Stearin 

refined 

Olein 

refined 

Oil 

crude 

Steal in 
refined 

Olein 

refined 

buttei 

tallow 

Melting-point 
Incipient, °c 

20 22 



21-24 



29 4 

30 -32 

30 -36 

Complete, 

23-26 

26-31 

16-22 

26-29 

32 

26 

40 0 

32-34 5 

3.5- 39 

Solidifying point, ®C' 
Titre test, ®c 

22-23 i 

24-29 

14-22 

24-261 

27 32 

23 20 

25 1 

27-29 5 

28-32 

21-25 

— 

— 

20-291 

— 

— 

44 2 

48-50 

50-52 

Specific gravity . 
at 99/15°c 

0 869- 

0 860- 

0 870- 

0 859- 

0 806 


_ 

0 858 


Refractive index, 
Zeiss at 40®c 

0 874 

34 7- 

0 869 

34 ,5- 

0 875 

35 5- 

0 870 

36 0 - 

35 5- 

37 .5- 

46-49 

46-47 5 

45 47 

Saponification value 

35 5 
255-258 

34 8 
252-255 

35 7 
257-262 

37 5 
244-249 

36 0 
249-25-2 

37 9 
244-246 

196-200 

192-1 9S 

188-207 

Unsaponifiablo mat- 
ter % . . 

0 15- 





0 20- 



0 7-1 5 

0 8-1 2 

0 7-2 0 

Iodine value 

0 80 

7 9-9 5 

2 0-79 

11-15 

0 80 
14 .5- 

4 0-1 1 5 

19-30 

46-52 

35 -40 

29 -38 

Thiocyanogen value 
Reichert value 

6 5-8 0 

4 5-6 0 

8-10 

19 0 

52 65 

3 0 5 2 

(> 5 -9 0 

1 — 

— 

— 

Polenske value 

15-17 

8-15 

17-20 

9 7-10 7 

7 5-9 7 

10 7- 

— 

— 

— 

Kirschner value 

1 6-1 9 

1 0-1 5 

20 25 

0 8-1 2 


13 0 




Bartva value (soluble) 

57 

— 

— 

33 

— 

— 


2 7 

8-15 

Free fatty-acid % 

1-6* 

Olt 

0 2t 

0 5-10* 

0 2 -0 Ot 

0 2 

0 1-0 44 

05 3 

5-25 

Colour reading (Lovi- 
bond) through 1 
inch 

Yellow 

2-5 



10-20 



- 



Red 

0 6-1 2 



0 ,5-1 3 



, 


~ 


• As laiiric acid t As oleic acid { As palmitic acid 

Crude palm-oil may have f f a from 2 to 85% 


The cooking fats (compound lards) and the 
fatty bases of margarines are mixtures of hquid 
and solid oils, blended to confer desired degrees 
of consistence and texture As is the case with 
all sohd products, the melting and sohdifying 
pomts are of primary importance. In many 
cases the composition can be diagnosed, but it 
will often be found that no clear proof of the 
composition is possible. General indications of 
value are given by the saponification value, 
high figures usually indicating the presence of 
oils of the palnrn or butter fat, whilst Reichert, 
Polenske, and Kirschner values give a good 
idea of which of these^is present and m what 


amount. Hardened oils are indicated by the 
presence of notable amounts of isooleic acid, as 
shown by the iodine value of the solid acids 
separated m the lead-salt separations , but 
account must be taken of the fact that tallows 
have been held to contain a small proportion of 
unsaturated acids yielding insoluble lead salts, 
whilst rape oil contains a notable percentage 
Traces of nickel from the hardening process may 
be present if hardened oils have been included, 
and if found are a reliable indication of such oils, 
but the absence of nickel cannot be taken to 
prove the absence of hardened oils, owing to 
the efiSciency with which it can now be removed. 
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Table IVa. — ^Vegetable Oils. 
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Almond 

Arachis 

Apricot 

kernel 

Castor 

Cotton 

Hemp 

Kapok 

Linseed 

Solidifying point, °c 

ca -20 

0-3 



— 

— 

— 

— 

— 

Titre, °C . . . . 

Specific gravity : 

— 

27-30 

— 

— 

32-36 

14-16 

25-32 

13-17 

at 15 5/45 5'’C . . 

0 918- 

0 917- 

0 917- 

0 958- 

0 921- 

0 928- 

0 921- 

0 931- 

Refractive index. 

0 920 

0 919 

0 920 

0 969 

0 924 

0 932 

0 923 

0 936 

Zeiss at 40®o. 
Viscosity, Redwood 

56 5-57 5 

55-57 5 

— 

63-70 

58-59 

70 

53-57 

71 5-79 

at 70 ®f 

— 

300-420 

— 

— 

205 

— 

320 

— 

at 100"F. 

— 

— 

— 

1,160- 

1,190 

— 




at 140°P. 

— 

— 

— 

— 

— 

— 

— 

— 

Saponification value 
Unsaponiflable mat- 

183-207 

188-194 

192-198 

177-187 

192-195 

190-193 

190-197 

188-195 

ter % . 

— 

0 4-0 9 

— 

0 3-1 0 

0 8-18 

1 0-1 5 

— 

0 8-2 0 

Iodine value 

95-104 

85-100 

107-109 

82-00 

103-113 

155-165 

95-110 

175-200 

Acetyl value 

Free fatty-acid as 

— 

— 

— • 

14S-151 

— 


■ 


oleic % 

Arachidic acid of 

0 4-2 0 

ca 2 

14-2 

0 5-10 

1-5 

ca 1 

\anablc 

ca 2 

inp 72°0 % 

nil 

5 

ml 

nil 

ml 

ml 

nil 

nil 

Insoluble bromides % 
Colour reading (Lovi- 
bond) through 1 
inch • 

Yellow 

nil 

nil 

nil 

ml 

ml 


ml 

30-42 

3-5 

16-25 

— 

♦ up to 
22 

t 15- 70 

— 

— 

45-70 

Red 

0 5-0 7 

1-2 


* up to 

0 25 

t 4 -9 



2 5-6 


* Firsts oil ** crude oil, yellow 12-15, red 1-2 . . „ . ^ ^ 

t Crude oil . common edible, yellow up to 35, red up to 3 5 , deodorised oil, >eUow up to 7, red up to 0 7. 

Table IVb — Vegetable Oils 



Maize 

Oiticica 

(Jlive 

Pcrllla 

Poppy 

Rape 

Sesam^ 

Soya 

Solidifying point, *c 
TItre, ^ 

14-16 


17-25 

— 

15-17 

16-18 

22-24 

19-22 

Specific gravity : 
at 15 5/15 5°C. 

0 921- 

0 980- 

0 915- 

0 932- 

0 924- 

0 913- 

0 921- 

0 924- 

0 928 

0 995 

0 918 

0 936 

0 926 

0 916 

0 924 

0 926 

Refractive index, 

Zeiss at 40‘’0 

58 5-60 5 

* 

53-56 

74- 75 

63-64 5 

50-60 

59-61 

62-64 

Viscosity, Redwood 
at 70 °f . . 





312 

— 

260 

380-405 

— 

— 

at 100°r 

Saponification value 

188-193 

190 -193 

90 

188-195 

193-205 

192-196 

170-177 

188-193 

75 

190-194 

Unsaponiflable mat- 
ter % ... 

Iodine value . . 

0 8-2 5 

0 6-0 9 

0 7-1 5 

1 0-1 5 

ca 0 5 

0 6-1 5 

0 8-1 5 

0 7-18 

103-125 

139-152 

79-88 

193-205 

130-145 

97-107 

105-114 

129-141 

Free fatty -acid as 
oleic % 

over 1 

1-2 5 

0 2-2 

0 5-3 0 

variable 

0 5-2 

1-5 

0 5-3 

Arachidic acid of 
m p 72°C . 
Insoluble bromide 

ml 

ml 

nil 

nil 

nil 

ml 

' nil 

nil 

ml 


ml 

ml 

1 ml 

— 

nil 

ml 

Heat test of app G, 

B S 391, min 
Unpoly merisable mat- 

— 

ca 18 


— 

— 

— 

— 

— 


ter of app. G., B S 
391 



ca 40 

— 


— 

— 

ca 40 

__ 

Colour reading (Lo\i- 









bond) through 1 
inch 

Yellow 

Red . 

— 

60-90 

4-8 

12-40 

0 7-1 5 

40-60 

1-2 

-- 

30-45 

2-6 

up to 30 
up to 3 5 

45-60 

4-6 


♦ llefractive index, at 25“C ' 1 512-1 522. 


In cases where the nature and amount of the 
solid base can be determined with reasonable 
accuracy, calculation by proportion will lead 
to analytical figures for the liquid base and a 
diagnosis of its nature can then often be made. 
In all cases it is well to bear in mmd the com- 
mercial prices and comparative availability of 
suspected ingredients as a guide to the hkehhood 
of their presence. 

Various relationships are apparent between 


the different analytical data for the majority of 
fatty oils, and some of these are dealt with by 
J. Lund.®® Thus in the case of oils of saponifi- 
cation value ca. 190, the fatty acids of which 
are straight-cham and non-conjugated, the 
specific gravities and refractive in^ces are pro- 
portional to the iodine values. Hydroxy-acids, 
as in castor oil, and conjugated acids, as m tung 
oil, raise the specific gravity and refractive 
index well above the values that would be 
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Table IVo — Vegetable Oils 



Slln^lo^\e^ 

Tung 

Hvdno- 

earpus 

Tcaseod. 

Solidifying point, ®c . 

— 

— 





Titre, °c 

18-22 

31 

— 

13-14 5 

Specific gravity at 15 5/15 .5"<' 

0 924-0 020 

0 930-0 943 

0 950-0 060t 

Q 016-0 918 
•52 5 -55 

Refractive index, Zeiss at 

60-63 5 

« 

69 5-76 

Viscosity, JiedA^ood at 70°i?' 

— 

210 

— 

— 

Saponification value 

100-104 

189-195 

198-204 

300 -195 

Unsaponifiable matter % 

0 3-0 9 

0 4-1 0 

— 

0 8-1 2 

Iodine value 

32.5-140 

155-175 

07-10.3 

79-87 

Free fatty- acid as oleic % 

0 5-5 

0 5-.3 

up to 12 

0 3-8 

Insoluble bromides % 

ml 

nil 

— 

nil 

Heat teat of app G, H S 391, nun 

— 

8-JO 

. — 

— 

Unpoly merisable matter of app G, B S 301 

— 

16- 25 



— 

Specific rotation of 10% solution in chloroform 

— 

— 

over 53° 

— 

Colour reading (Lovibond) through 1 inch 

Yellow 

20 35 

35-45 


40-60 

lied 

1-2 

3 5-7 5 

— 

3-4 


♦ Bofractivc index, Wj, at 2(rr . 1 517-1 522. t At 25/25"C 


expected from this relation ; the presence of 
lower fatty acids, as in butter fats and oils of 
the palmas depresses them. 

Technical Oils. — Blown, boiled, and stand 
oils, used in the paint industry, consist of drying 
oils treated with driers, and more or less oxidised 
and/or polymerised according to the nature of 
the treatment they have received. Determina- 
tion of the nature and proportion of driers is 
important, and lead, cobalt, and manganese 
should be sought. The extent of the oxidising 
or polymerisation are shown by the degree of 
reduction of iodine value, increase of viscosity, 
and formation of oxidised acids (acids insoluble 
m a relatively large amount of light petroleum) 
Changes m specific gravity and refractive index 
should also be noted. 

Sulphur Oils, t.e , crude oils extracted by 
means of carbon disulphide, may contain free 
sulphur. Sulphur olive- oil contains more 
resinous matter than the pressed oil, and the 
unsaponifiablo matter is often in consequence 
1-2% higher. This oil, which is at times of 
high acidity, and which may be highly fer- 
mented, can be refined by an esterification pro- 
cess with glycerine ; the refined olive oil so 
produced has high unsaponifiable matter content 
(of low unsaturation) and a somewhat high 
specific gravity. 

Sulphated and Halogenated Oils re- 
quire special methods of analysis, and are not 
dealt with in this article. 

By-products. — The value of soap-stocks is 
assessed from the content of total fatty matter 
or total saponifiable matter, and the value of 
acid oils is also assessed by the same means. 
The proportion of free fatty-acid in an acid oil 
may be determined by the usual titration 
method (see p. 62c), or the actual proportion by 
weight may be determined by extracting the 
free acids with aqueous-alcoholic potassium 
hydroxide from a light petroleum solution of the 
oil, and subsequently hberating them by means 
of mineral acid. 

PREPARATION OF SAMPLE FOR 
ANALYSIS. 

In order that representative portions of a 
sample may be taken for analysis it is almost 


always necessary to melt the sample at the 
lowest possible tempeiature which will ensuie 
that melting is complete, and to shako it to 
ensure homogeneity If the liquid is then clear 
and bright analysis may be pi or ceded with im- 
mediately, but if the sample is turbid or contains 
suspended water or dirt a prehminary filtration 
through a paper, such as No 4 Whatman, is 
earned out to remove all suspended impurities 
before chemical tests are applied. The original 
mixed sample is of course used for testing for 
water and impurities and m certain cases for 
unsaponifiablo matter, specific gravity, or 
apparent density tests Wheie filtration is 
conducted the resulting oil should be clear and 
bright before examination. 

DETERMINATION OF WATER AND 
IMPURITIES. 

Water 

Determination of moisture or water in oils 
and fats is made m one of two ways according to 
whether the oil is neutral and non-drying or 
otherwuse If it is neutral and non-drying, a 
weighed portion of the sample is dried to 
approximately constant weight in a water oven 
at Sl8°c. or in an air oven at 105°o. The drying 
process is prolonged until the difference between 
weights taken at half-hourly mtorvals does not 
exceed 1 mg., the total loss in weight being 
regarded as moisture. If the oil is markedly 
acid, as m the case of acid oils, or is a drying oil 
hable to absorb oxygen when heated, the usual 
method adopted is that now standardised m 
British Standards such as B.S. No. 391, 1936; 
it 18 practically the same as that described by 
E. R. Bolton ® (p. 15), which was in turn 
developed from the Standard Method agreed 
on by the Committee of Analysts of the Ministry 
of Food, 1919. In the British Standard method 
the apparatus used for the determination con- 
sists essentially of a drying tube (see Fig. 1) 
in which the oil to be dried is lyiread over a 
loose wad of asbestos fibre ; the tube is main- 
tained at about 50°o. in an air bath while the 
drying is earned out by means of a current of 
hydrogen or other inert gas, the loss of weight 
of tube and contents being taken as the weight 
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of moisture in the oil used. The tube, 
charged with long-fibred asbestos, previously 
moistened and air dried, is placed in the air 
bath at 50°o. and the dry gas is passed through it 
until it becomes constant in weight ; it should 
be noted that the inert gas must always bo 
replaced by air before weighing. The exit tubes 
of the tub^ are covered by rubber caps during 



cooling and weighing operations. 3-5 g of 
the oil are weighed into the tube and distii- 
buted over the asbestos , the oil is diied by the 
passage of gas at 50°c. until the weight is con- 
stant. 

Alternative methods for the determination of 
water are . 

(1) The determination of the loss in weight 

of a weighed quantity of the oil con- 
tained 111 a porcelain dish on heating to 
105°c. over a small flame, a thermo- 
meter being used for stirring the oil and 
being weighed with it and the dish ; 
this method is chiefly used in works 
control ; it is quick but not of any great 
accuracy. 

(2) The distillation of the water in the oil 

with an immiscible solvent such as 
toluene in an apparatus of the Dean- 
Stark type. This method is also not 
of great accuracy, but has the advantage 
that it gives a figure for the actual water 
content of the sample, as distinct from 
a figure for moisture and volatile matter 
such as is obtained by the usual 
methods. It forms the basis of the 
Internationally Agreed Method of B.S. 
No. 684, 1936. 

Impurities.' 

Mineral Matter (Ash) in an oil is deter- 
mined by incinerating about 10 g. of the oil in a 
platinum or silica dish, continuing the ignition 
until all carbon has disappeared, cooling and 
weighing the residue. If much fusible matter 
or volatile alkaline matter is present, the sample 
IS first charred and most of the oil is burnt off, 
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the residue is extracted with hot water and the 
extract filtered off. The filter and charred 
residue are completely ignited, the extract is 
added and evaporated to dryness and the whole 
IS completely ignited with care The ash is 
recarbonated if necessary, and ignition com- 
pleted at about 600°c. 

Organic Dirt is determined in most oils by 
filtering 20-50 g of the oil m the water oven 
through a dried, plaited paper previously 
weighed in a stoppered bottle; the paper is 
extracted in an extractor until free from soluble 
matter with light petroleum (b.p. 40-60°c.), 
dried, weighed, and ashed. The weight of the 
ash IS deducted from the weight of total dirt 
found, the resulting figure representing the 
weight of organic dirt in the oil used for the test. 

The proportion of “ foots in linseed oil is 
determined, according to the Methods of 
Analysis of the Association of Official Agricul- 
tural Chemists (Methods, 5th cd , p 114), by 
mixing together in a tube at 27°c , 25 ml of the 
sample, 25 ml of acetone, and 10 ml of a reagent 
made by saturating with calcium chloride a 
mixture of 90 parts of water and 10 parts of 
hydrochloric acid , shaking for exactly 1 minute ; 
clamping the tube in a vertical position, and 
allowing it to stand at 20-27° for 24 hours. The 
volume of precipitate is then determined to the 
nearest 0 1 ml., and when multiphod by 4 gives 
the percentage of foots. The tube used for the 
sedimentation should have an internal diameter 
of from 1 0 to 1 5 cm , a capacity of 70 ml , and 
should bo graduated 10-50 ml from the bottom. 

In the cases of Cottonseed Black-grease, the 
acid oil obtained from the soap-stock produced 
in the refining of cottonseed oil by means of 
alkali, and of Sulphur Olivc-oil, it is usual to 
employ carbon disulphuie as solvent m a test 
similar to the above. This solvent retains in 
solution certain resinous or non-fatty matters 
that are not dissolved by light petroleum, and 
the propoition of organic dirt yielded is therefore 
lower than it would bo if the latter were used. 
As the oils themselves are also solvents for 
certain dirt constituents, agreement has been 
reached in this country to proceed as follows 
in these cases . To 5 g. of the undried sample 
add 250 ml. of carbon disulphide. Stir at 
intervals until solution is as complete as possible 
and then allow the mixture to stand for about 
! 12 hours in a covered vessel. Filter off the in- 
soluble matter through a dry, w eighed or tared 
paper, and thoroughly wash with cold carbon 
disulphide Dry and weigh the insoluble 
matter. Add to the weight so obtained the 
difference between the weight of the ash of the 
insoluble matter and the weight of the ash 
yielded by 5 g of the sample. Divide the 
weight BO obtamed by 5 and multiply by 100 to 
obtained the percentage of matter insoluble in 
carbon disulphide. It will be observed that 
this figure includes certain mineral matters 
soluble in the solvent. Formerly it was not 
customary to make this addition, and in the 
case of Sulphur Ohve-oils, it was usual to 
employ light petroleum in the above method in 
place of carbon disulphide. Attention may be 
drawn to the extreme inflammabihty of the 
latter solvent, which re»der8 it imperative to 
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ensure the removal of all carbon disulphide 
before the filter and dirt are dried in the oven. 

Sea Water. — In cases where a sample is 
suspected of having been contaminated with 
sea water, the proportion of sea water in the 
water contained in the sample may be deter- 
mined either from a determination of chlorine 
in the ash, or by extracting about 100 g. of the 
sample, dissolved in 500 ml of hght petroleum, 
with water and determining chlorine in the 
resulting aqueous extract. In such estimations 
it 18 usual to assume that sea water contains 
2‘6% of common salt. 

Fuel Oil. — Whale oil is produced in very 
largo quantities in floating factories which 
remain in the fishing grounds throughout the 
fishing season, and much of the oil they prepare 
18 transported home in the transport ships which 
carry fuel oil to the factory ships, using the same 
tanks for this as for the whale oil produced. 
Groat precautions are taken to clean tanks 
between cargoes, but occasionally slight con- 
tamination of the whale oil occurs ; as little as 
0*01% of fuel oil in whale oil seriously detracts 
from its value, and it has been alleged that it 
adds to the cost of refining and hardening the 
oil and leads to a refined material of dead 
appearance and poor colour, as the fuel oil 
cannot be removed commercially. The problem 
of detecting and estimating such traces of fuel 
oil has been dealt with by E. R. Bolton and 
K. A. Williams (Analyst, 1938, 63, 84) who 
obtain a residue of hydrocarbon oil amounting 
to about half the percentage of the fuel oil if 
fuel oil is present, but a residue of only 0 003% 
or less if the oil is uncontaminated ; the process 
employed consists essentially in preparing the 
unsaponifiable matter from 100 g, of the oil, 
by a double saponification and extraction pro- 
cess, heating the unsaponifiable matter with a 
specified amount of acetic anhydride, coolmg 
and allowing to stand, when the hydrocarbon 
derived from fuel oil separates and is removed, 
weighed, and examined. The method is empirical, 
and success depends on the observance of all 
the details of the pubhshed paper. Alterna- 
tively these authors have put forward a method 
for the detection of small amounts of fuel oil by 
the chromatographic adsorption of asphaltes 
contained therein, a solution of the oil in hght 
petroleum being passed through a column of 
specially prepared alumina ; the adsorbate is 
re-extracted with ether, recovered, and sub- 
mitted to the adsorption process a second time 
0 005% of fuel oil can be detected in this way. 

Lecithin is found in certain oils, notably m 
crude soya- bean and arachis oils, especially if 
prepared by expression. It may be separated 
from the oil by treatment with a large volume of 
acetone, but this method does not lead to 
accurate figures for the percentage present. It 
18 more usual to determine the proportion of 
phosphorus in the oil and, assummg this aU to 
be derived from lecithin, to calculate the per- 
centage of the latter by multiplying the amount 
of P2O5 found by 11 366. Phosphorus may be 
determined by mixmg a known weight of the 
oil with five times its weight of sodium carbonate, 
charring the mixture thoroughly, extracting the 
char with dilute nitric and, filtering, andappl3dng 
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Pemberton’s method to the filtrate. The filtrate 
is made up to a definite volume, and 25 ml. of the 
solution, which should not contain more than 
0*05 g. of P2O5, is placed in a conical flask. 

10 ml. of nitric acid (p 1 42) are added and the 
solution IS nearly noutrahsed with ammonium 
hydroxide, diluted to 70-80 ml , and heated 
in a water bath to 60-65°c. To thft is added 
25 ml. of freshly filtered molybdate solution, 
prepared by dissolving 25 g. of molybdic acid in a 
mixture of 36 ml. of ammonium hydroxide solu- 
tion (p 0 90) and 68 ml. of water and adding the 
solution slowly with stirring to a mixture of 
122 ml. of nitric acid (p 1 42) and 287 ml. of 
water, and then keeping for a few days and 
filtering The mixture is stirred and kept at 
60-65°c for 15 minutes, and is then filtered 
through a Gooch filter prepared with a thin 
layer of well-washed asbestos. The precipitate 
and flask are washed with cold water until 
20 ml of the washings do not dccoloiiiiso a 
mixture of 0 5 ml. of 0 5 n. sodium hydroxide 
solution with a few drops of phenolphthalein 
solution. The asbestos wad and precipitate are 
carefully transferred back to the conical flask. 
0 5n Sodium hydroxide solution is added until 
the yellow precipitate has dissolved completely, 
an excess of about 10 ml being used. After the 
addition of a few drops of 0 5% alcoholic phcnol- 
phthalein solution the contents of the flask are 
titrated with 0 5 k. hydrochloric acid. The differ- 
ence between the number of millilitres of sodium 
hydroxide and of hydrochloric acid used is 
multiplied by 0 001544 to obtain the weight in 
grams of P2O5 in the 25 ml of phosphate solution 
used for the test Sec aho Hutt and Weatherall 
(ihid, 1944, 69, 39) 

Gossypol, a brown colounng matter in 
cottonseeds, finds its way into crude cottonseed 

011 in quantities of the order of 0 1%. It may 
be determined by the method of H. D Royce, 
J. R. Harrison, and P. D. Deans (Ind Eng 
Chem. [Anal ], 1940, 12, 741). The filtered oil 
(50 g ) is dissolved in light petroleum and 
diluted to 110-130 ml., and 10 ml of a mixture 
of 4 parts of pyridine and 1 part of aniline are 
added Aftci thoiough mixing, the solution is 
kept in a loosely -stoppered flask at 35-40°c 
for from 7 to 14 days, the longer period being 
used if less than 0 01% of gossypol is present 
The liquid is agitated once every day. The 
precipitate is collected by suction in a tared 
crucible and washed with light petroleum con- 
taining 1-3% of pyridine, until free from oil ; 
the total volume of the washing hqmd should 
not exceed 100 ml. Pyridine of crystaUisation 
is driven off by heating for 1 hour at 160°c. 
and the product is weighed as dianihno -gossypol, 
a factor of 0*775 being used to convert this 
weight to gossypol. If desired, the precipitate 
may be weighed as diamlinp-gossypol-dipyndine 
if it 18 dried for 2 hours at 60°c. The factor in 
this case is 0 627. The method is claimed to 
recover 95-98% of the gossypol in a 0 1% solu- 
tion, but with oils containing 0 01% the precipi- 
tation is slow and incomplete Better results 
are obtained m such cases if a known weight of 
pure gossypol is added to the test oil. 

C. M. Lyman, B. R. Holland, and F. Hale 

{ibid. 1943, 15, 489) determine gossypol m 
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cottonseed meal by a photoelectric light-absorp- 
tion method based on the colour developed by 
treatment of an extract in butyl alcohol with 
aniline. 

Break Test. — The “ break ” in an oil, 
almost always present in crude drying oils such 
as hnseed oil or semi-drying oils such as soya- 
bean oil, i5 the material that separates from the 
oil when it is heated to an elevated temperature ; 
it consists of non-fatty matter that has become 
dissolved in the oil during preparation and will 
mostly separate if the oil is tanked or allowed to 
stand quietly for a long period. 

The modified Gardner break-test of the 
American Oil Chemists Society is described in a 
report of an American Chemical Society Com- 
mittee on the analysis of commercial fats and 
oils (ibid. 1940, 12, 379) thus : The oil is main- 
tained at 75°o. for 6 minutes ; 25 g. are weighed 
into a 180-ml. beaker, and 3 drops of hydrochloric 
acid (pi 19) are added and weU stirred m. A 
thermometer (30 cm. long, 6-7 mm. diam., 
bulb 13 mm., graduated —6° to 400°c. in 2°) 
18 suspended in the oil with the bulb immersed 
but not touching the bottom of the beaker, and 
the latter is heated to 289°c at the rate of 4°c. 
temperature rise per minute The beaker and 
contents are cooled to 25°c. 50 ml. of carbon 
tetrachloride are added with stirring, and the 
whole IS allowed to stand for 1 hour, with stirring 
at 15-minute intervals. The liquid is then 
filtered through a Gooch crucible prepared with 
medium-fibre asbestos, the precipitate being 
transferred thereto. The crucible is washed 
with 100 ml. of carbon tetrachloride in 20 ml 
portions, dried at 106®c., cooled, and weighed 
The percentage of “ break ” is calculated from 
the gain m weight of the crucible. 

Metallic Impurities. 

Oils and fats dissolve small quantities of 
almost all metallic soaps. Those most commonly 
encountered are the soaps of sodium, iron, cal- 
cium, and nickel. Occasionally there are also 
found soaps of copper, load, zinc, aluminium, 
and tin 

The metals may generally be separated as 
salts from the oil, either by extraction with a suit- 
able mmeral acid, or by ignition of the oil and 
solution of the resulting ash in acid. Their 
detection and the determination of the amount 
present in the oil are then accomplished by 
means of the usual analytical processes. 

Soaps of the alkah metals are often detected 
in works practice by boihng about 20 g. of the 
oil with water and adding a solution of phenol- 
phthalein to the cooled aqueous extract A pink 
colour IS produced m the presence of traces of 
soap. 

The determination of nickel is of importance 
in the examination of hydrogenated oils ; it is 
not usually present in such oils to an extent 
greater than 1 part in 5-10 million of oil. The 
following method is given by E R. Bolton ^ 
(p. 18) : 50 g. or more of the oil are incinerated 
in a platinum dish (a small quantity at a time). 
The ash is dissolved in 1-1-5 ml. of concentrated 
hydrochloric acid by gentle warming. The 
solution is made distinctly alkaline with am- 
monia and filtered into a small tail-form beaker ; 


the filter is washed twice with 2 ml of water, 
the washings being collected m the beaker ; 3 ml. 
of a solution of 0*02 g. of a-benzildioxime in 95 ml 
of 90% alcohol and 5 ml. of ammonia (p 0-880) 
are added. In the presence of nickel a character- 
istic pink colour is developed, and this may bo 
matched against standard nickel solutions 
treated similarly to determine the amount of 
nickel in the oil. 

Sulphur is sometimes found in oils prepared 
by extraction with carbon disulphide. It may 
be detected by saponifying a small quantity of 
the sample and adding a small quantity of an 
alkahno solution of a lead salt ; a brovn colour 
is obtained in the presence of sulphur. 

Total Fatty Matter and Saponifiable 
Fatty Matter 

The proportion of total fatty matter in an 
oil or fat IS obtained by subtracting from 100 
the sum of the percentages of moisture or water, 
ash, and organic dii t. 

The proportion of saponifiable matter is 
obtained by subti acting from 100 the sum of the 
percentages of moisture or water, ash, organic 
dirt, and unsaponifiable matter. 

In arriving at cither figure all determinations 
are made upon the sample without preliminary 
filtration 

Refining Tests. 

The American Oil Chemists Society and the 
American Chemical Society publish standard 
and tentative methods for the examination of 
soaps and oils which are revised annually, 
details of the revisions appealing from time to 
time in “ Oil and Soap ” Amongst the tests 
dealt with are tests for the loss occurring during 
the refining of various oils. For full details of 
these tests the standard methods should be con- 
sulted, but it may be said briefly that such tests 
are designed to measure the weight of oil 
recovered when the oil is treated in a standard- 
ised procedure with caustic alkali, which removes 
free fatty acids and impurities, and causes some 
loss of oil. The tests make provision for noting 
the colour of the refined oils produced and also 
their flavour and content of free fatty acid. 

' CHEMICAL TESTS. 

Molecular Size. 

The Saponification Value, defined as the 
number of milligrams of potassium hydroxide 
required to saponify 1 g of the fat completely, 
and the Saponification Equivalent, defined as 
the number of grams of fat saponified by 56 1 
mg of potassium hydroxide, give in general an 
indication of the mean molecular magnitude of 
the esters present. They are determined by 
weighing accurately about 2 g. of the fat into 
a 200 ml. conical flask, adding 25 ml. of approxi- 
mately 0 5n alcoholic potassium hydroxide 
solution, and heating the flask and contents 
under reflux condenser in a boilmg-water bath 
for 30 minutes. The flask must be well shaken 
at intervals during the heating period to mix 
the contents thoroughly. A second flask con- 
taining only 25 ml. of the alcoholic alkah is 
similarly treated at tb^ same time. After 30 
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minutes, the flasks are removed from their con- 
densers and from the water bath, 20 drops of a 
1% alcoholic solution of phcnolphthalein are 
added to each, and the contents are titrated 
with 0 5 n. hydrochloric acid, while still hot 
The saponification value is obtained by multi- 
plying the difference between the two titrations 
by 28 05 and dividing by the wxight in grams 
of fat taken. The saponification equivalent is 
obtained by dividing 50,100 by the saponifi- 
cation value. 

The 0 5n. hydrochloric acid should be carefully 
standardised ; the 0 5n alkali solution is pre- 
pared by dissolving 17-20 g of potassium 
hydroxide, preferably in pellet form, of reagent 
quality, in the smallest possible quantity of 
water and making the solution up to about 
500 ml. with 95% w/v alcohol. The solution 
18 allowed to stand overnight and decanted 
from any sediment befoie use. The alcohol 
used in its preparation is preferably purified 
from industrial spirit by refluxing this with 2% 
of its weight of a fatty oil such as arachis oil and 
5% of solid sodium hydroxide for 1 hour, and 
then distilling, the first and last few milhlifies 
of distillate being rejected 

Certain fats aie more easily saponified than 
others, and particular caie is necessary with 
some to ensure complete saponification, extra 
shaking being given m such cases. In dealing 
with waxes it is generally necessary to employ 
a solution of sodium in alcohol in place of the 
above alcoholic alkali and this may need to bo 
N. or 2n. in strength. 

Unsatueation. 

The lodineValueisa measure of the degree 
of unsaturation of a fat, and is dctei mined by 
measuring the amount of halogen absorbed by 
the fat from various solutions , it is expicsscd 
111 terms of the weight in grams of iodine ab- 
sorbed per 100 g. of fat. A number of different 
methods have been proposed for the determina- 
tion ; in some a complete saturation of the 
double bonds present is achieved, in others only 
fractional saturation is aimed at. For approxi- 
mately complete saturation the methods usually 
employed are those of Wijs, Hanus, and Rosen- 
mund-Kuhnhenn, the more cumbersome and 
older method of Hubl being now superseded. 
Also of note are the Toms bromine-vapour 
method and the thiocyanogen method of Kauf- 
mann ; thiocyanogen combines quantitatively 
with the double bond of oleic acid, approximately 
with one of the two double bonds of linoleic acid, 
and with rather less than two of the three of 
linolenic acid 

The Wijs Method depends on the absorption 
of halogen by the fat from an acetic acid solution 
of iodine monochlonde. This solution may be 
prepared either by dissolving 8 g. of I Cl in 450 
ml. of acetic acid and 8 7 g. Of lodme in a second 
450 ml. of the acid, mixing the solutions, diluting 
to 1 1. with the acid, heating the product to 
100°o. for 20 minutes and coohng, or by dis- 
solving 12*7 g. of iodine in 1 1. of acetic acid, 
determining the halogen content by titration of 
10 ml. with standard sodium thiosulphate solu- 
tion after the addition of water and excess 
potassium iodide solution, and passing a stream 
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of dry chlorine into the iodine solution until the 
halogen content as determined by further titra- 
tion has boon doubled, heating the product to 
100°c. for 20 minutes and cooling. In either 
case the acetic acid used must be glacial acid, 
containing not less than 99% of acetic acid, and 
of such quality that a permanent pml^ colour is 
produced when 0 2 ml. of 0 In. potassium 
permanganate solution is added to 50 ml. 
For the determination, a weight of fat is taken 
which will absorb not more than 30% of the 
halogen used (J. J. A. Wijs, Analyst, 1929, 54, 
14) ; this is weighed into a clean, dry, narrow- 
necked bottle of about 600 ml. capacity, pro- 
vided with a stopper. 50 ml. of the I Cl 
solution are added and the bottle is closed with 
the stopper previously moistened with a drop 
of 10% potassium iodide solution. The bottle 
IS allowed to stand in the dark for 1 hour at 
16-20°c. and 20 ml. of 10% potassium iodide 
solution are then added to the contents, followed 
by 150 ml. of water, the contents shaken and 
titrated with 0 In. sodium thiosulphate solution 
accurately standardised, starch being used as 
indicator. A blank determmation, under the 
same conditions without the fat, is conducted 
at the same time. The iodine value is obtained 
by multiplying the difference between the blank 
and test titrations by 1 269 and dividing by the 
weight in grams of fat taken In the British 
PharmacopoMa modification of the test (B P 
1932, p. 578) the tune of standing is 30 minutes 
and not 1 hour. A recent modification of the 
test by H 1) Hoffman and C E. Green (Oil and 
Soap, 1939, 16, 236) claims that the addition of 

10 ml of 2 5% mercuric acetate solution in 
glacial acetic acid to the test mixture induces 
complete absorption of halogen in 3 minutes 

In tho Hanus Method iodine chloride is 
replaced by iodine monobromido, and tho 
necessary solution is prepaied by dissolving 
together 13 g. of iodine and 8 g. of bromine in 
glacial acetic acid and making the solution up 
to 1 1. with glacial acetic acid. Tho fat used 
in the test should absorb not more than half of 
the halogen added. Tho test leads to results 
which are in general slightly higher than those 
of tho Wijs method, expecially with highly un- 
saturated oils. 

In the Hubl Method tho halogenating solu- 
tions are fl) a 5% solution of iodine in 95% 
alcohol, and (2) a 6% solution of mercuric 
chloride in 95% alcohol. 8-15 'hours are re- 
quired for complete absorption from a mixture 
of equal volumes of the two solutions. 

Tho Rosenmund-Kuhnhenn Method (Z. 
TJntors. Nahr.- u. Genussm, 1923, 46, 154) em- 
ploys pyridine sulphate bromide as the active 
agent and m this reagent tho pyridine sulphate 
appears to make tho action of the bromine con- 
siderably more gentle than that of free bromine, 
and indeed than that of iodine monochlonde. 
Thus the method can bo used with advantage 
for determining the un saturation of sterols and 
unsaponifiable matter (E. R. Bolton and K. A. 
Williams, Analyst, 1930, 56, 5) where the Wijs 
method gives erratic results. 

H. Toms (ihid, 1928, 63, 69) describes a 
method (Bromine Value) m which films of 

011 spread on microscope slides are exposed at 
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room temperature to bromine vapour for 20-30 
minutes. The excess of bromme dissolved by 
the oil 18 removed in a current of warm air and 
the percentage increase in weight of the oil is 
calculated in terms of iodine. The method leads 
to characteristic wrinkling of the films of certain 
oils, and has been used in an investigation of the 
composition of tung oil by E R. Bolton and 
K. A Williams (ibid. 1930, 55, 363). The iodine 
value of tung oil presents difficulty in its deter- 
mination owing to the anomalous absorption of 
halogen by systems of conjugated double bonds 
present in notable proportion in the clasosteanc 
acid combined in the oil. The recognition of this 
difficulty, which causes the iodine value as 
obtained in the usual Wijs manner described 
above to approximate to only two-thirds of the 
theoretical full absoiption and to be rather 
indefinite, led A. C. Chapman (ibid. 1912, 37, 
543) to suggest the use of three times as much 
Wijs reagent as usual and to extend the time of 
absorption to 3 hours Tins method leads to an 
empirical figure which does not approach the 
full absorption, and is now little used Figures 
approximating closely to absorption by all three 
of the double bonds of elieosteaiic acid are given 
by the bromine method of H. Toms (ibid. 1928, 
53, 69); and methods by vhich the figure 
obtained is limited to the equivalent of absorp- 
tion at two of these bonds aie given by E R. 
Bolton and K. A. Williams (ibid 1930, 55, 360; 
Oil and Soap, 1938, 15, 315) and hy J. D. Von 
IVlikusch (ibid. 1938, 15, 186) In these the 
iodine value is obtained by the Wijs method 
after two different times of absorption and an 
“ instantaneous ” iodine value is calculated by 
extrapolation to zero time. 

The Thiocyanogen Value, first proposed by 
11 P. Kaufmann in 1925 (Arch Phaun. 1925, 
263, 675) has been the subject ol much investi- 
gation, and the following papers should be con- 
sulted H. P. Kaufmann (8eifens -Ztg 1928, 
55, No 35), n P. Kaufmann and M. Keller (Z. 
angew Chern. 1929, 42, 20, 73), H. P Kaufmann 
and C. Lautenberg (Ber. 1929, 62 fB], 392), 
W. Kimura (J Soc. Chem. Ind. Japan, 1930, 33, 
262B), H. N. Shcr and R H. Coysh (Analyst, 
1939, 64, 814), T. P Hilditch and K S Murti 
(ibid. 1940, 65, 437) The following is an abstract 
of the last-named authors’ method : All ap- 
paratus IS carefully dried before use. Glacial 
acetic acid and acetic anhydride are mixed in 
the proportion of 9* 1 vol. and allowed to stand 
for at least a week. 12 5 g of lead thio- 
cyanate, well dried over phosphorus pentoxide, 
IS weighed into a brown reagent bottle, 500 ml. 
of the anhydrous acetic acid are added, and the 
mixture kept as long as possible before use 
1*5 ml. of pure, dry bromine are added, the mix- 
ture shaken for 1 hour, and filtered through two 
thicknesses of oven-dried filter paper to yield it 
clear and colourless or slightly yellow solution. 
Between 0*1 and 0 14 g. of the oil (the exact 
quantity being chosen to leave a 100% excess of 
SCN) are weighed into a 250 ml. stoppered 
fiask, and ^0-25 ml of the reagent pipetted in. 
The flask is closed and allowed to stand for 
5-15 hours at 20°o. (It would appear from these 
authors’ results that 15 hours’ standing is suffi- 
cient, and that no harm arises from prolonging 
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the time to this extent m any case.) A blank 
test IS conducted alongside the determmation. 
After standing, the reaction mixture is poured 
into 10 ml of 10% potassium iodide solution, 
the flask iinsed with potassium iodide solution 
and water and the who^e titrated with 0 05 
N. thiosulphate solution. It may bo noted that 
both T. P. Hilditch s (p 52) and K. A Williams 
(unpublished) prefer to add the potassium iodide 
solution and water to the reaction flask before the 
titration. The thiocyanogen value is calculated 
from the titrations in terms of the equivalent 
amount of iodine absorbed per 100 g. of oil. 
Hilditch and ^lurti and other authois recom- 
mend the use of the values 96 for linoleic acid 
and 166 for linolcnic acid in calculations made 
from thiocyanogen values. 

The proposal of a 0 In. solution of bromine 
in methyl alcohol saturated with sodium 
bromide (stabilising agent) may be noted ; this 
was made by H. P. Kaufmann and E. Hansen- 
Schmidt (Aich. Pharm. 1925, 263, 32). 

Since maleic anhydride reacts quantitatively 
with conjugated double bonds, its use for their 
determination has been proposed by B A Ellis 
and R. A Jones (Analyst, 1936, 61, 812) (Maleic 
Anhydride Value) and by H. P. Kaufmann 
and J Baltes (Fctte u Scifen, 1936, 43, 93) 
(Diene Value) and these methods are apphed 
especially to tung and oiticica oils Ellis and 
Jones reflux together for 3 hours 3 g. of the oil 
and 25 ml of a fiesh 6% solution of maleic 
anhydiide in toluene in apparatus fitted vith 
ground-glass joints , pumice powder is used to 
prevent bumping After cooling, 5 ml of ether 
are added tlirough the condenser followed by 
20 ml of water. The contents are then poured 
into a separator, and the rinsings of the flask with 
20 ml of ethei and 25 ml of water added. The 
separator is sliaken and the contents allow^cd to 
separate. The aqueous layer is removed, the 
upper liquid extracted further with 25 ml and 
10 ml. of watei, and the washings combined and 
titrated with n. sodium hydroxide solution to 
phenolphthalein The maleic anhydride value 
(M.A y.) IS given by multiplying the difference 
between the titration and a blank titration, 
similarly obtained, by 12 692 and dividing by the 
weight in grams of oil used Each conjugated 
set of bonds gives a M A. V. almost identical with 
the iodine value of a single double bond in a 
compound of equal molecular weight. Further 
references to later work on the method are given 
by T. P. Hilditch 6 (p. 97). 

Insoluble Bromine Compounds are formed 
by linolenic acid m ether solution, and by 
hnoleic acid m light petroleum. These are used 
to characterise and determine linolenic acid in 
such oils as Iwiseed oil and m the investigation 
of the composition of many oils contaming both 
acids. The reaction is applied m a variety of 
ways both qualitatively and quantitatively, the 
quantitative aspects being under review in 1939 
by the International Commission for the Study 
of Fats. 

K. Hazura (Monatsh. 1888, 9, 180 et seq ) 
described the bromme compounds of various 
fatty acids. O. Hehner and C. A. Mitchell, deal- 
ing with these (Analyst, 1898, 23, 310), put for- 
ward methods for sepawating hexabromides of 
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m p. 180-181°c. quantitatively from the fatty 
acids of linseed and other oils, and of insoluble 
bromides from oils ; they describe the character- 
istic appearance of several of these G. Hal- 
phen (p. 192) (J Pharm Chim 1901, [viii], 
14 , 359) modified the brominating agent and 
produced a qualitative test described by E. R. 
Bolton ® (p 64) thus In a small dry test-tube 
are placed 0 5 ml. of the oil and to this are 
added 10 ml of a mixture of 28 parts by volume 
of glacial acetic acid, 1 part of bromine and 
4 parts of nitrobenzene The tube is then 
closed, the contents shaken, and the behaviour 
of the liquid noted Such non-drying oils as 
coconut products, olive, castor, arachis, cotton, 
sesame, poppyseed, etc , give no precipitate 
or only a very slight turbidity, even after 
standing for 1 hour. The diying oils, such as 
linseed, rubber-seed, hemp-seed, etc , and marine- 
animal and fish oils, such as whale oil, Japanese 
sardmc-oil, etc , give a piecipitate which settles 
more or less rapidly Rape oil is distinguished 
by forming a turbidity, and the liquid sejiarates 
on standing into two distinct la^xus, but resolves 
into a clear homogeneous liquid on mixing with 
an equal volume of ether. Tung oil gives no 
precipitate. 

Hehner and Mitchell’s quantitative method 
for the determination of the insolublebromides 
from the fatty acids of an oil has been studied 
by a number of workers and may be applied m 
the form of a modification of a method of 
Gemmel (Analyst, 1914, 39, 297) described by 
E. R. Bolton ® (p. 50). 1 g. of the dry 

fatty acids prepared from the oil with duo care 
against oxidation is dissolved m 20 ml. of dry 
ether in a stoppered flask and the solution is 
cooled to 0°c. Bromine is added drop by drop 
slowly until a permanent reddish colour is 
formed. The flask is kept in ice water during 
the addition to prevent rise m temperature, and 
is then kept at 0®c. for at least 4 hours The 
liquid 18 decanted, the crystals transferred to a 
suitable tube and centrifuged After again 
decantmg the hquid, fresh chilled ether is added, 
the crystals stirred with a Tveighed rod, and the 
tube again centrifuged. The process is repeated 
a third time, and the crystals are then transferred 
to a tared filter paper by means of a further por- 
tion of chilled ether, and dried to constant weight, 
and the percentage of insoluble bromides is cal- 
culated. Tho melting-point should bo deter- 
mined. The bromides so produced are either 
hexabromides from linolemc acid of m.p. 180- 
181°c. or octabromidcs from more unsaturated 
acids such as clupanodonic and arachidonic 
acid, which do not melt but blacken at tempera- 
tures over ISO'^c The proportion of bromine m 
the bromides may be determined by decom- 
posing a known weight with a solution of sodium 
in alcohol and determining the bromine in the 
sodium bromide formed. An estimate of the 
relative proportions of hexa- and octa- bromides 
present may thus be formed. 

Acidity. 

The acidity of an oil or fat is expressed in 
terms of its acid value, defined as the number 
of milhgrams of potassium hydroxide required 
to neutralise the free fatty-acid in 1 g., or in 
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terms of the percentage of free fatty-acid present 
calculated as either lauric acid, in the case of 
crude oils of the coconut group, palmitic acid, in 
the case of crude palm oil, or oleic acid in the 
case of all other crude oils and fats and of all 
refined oils and fats. 

Both Acid Value and Percentage of Free 
Fatty Acid are determined m general by tho 
following method : The material is filtered 
through paper to remove water and dirt , 10 g , 
or a quantity sufficient to give a titration of not 
more than 10 ml , are weighed into a flask, and 
60 ml. of alcohol (industrial spirit) at 70°c , 
just previously neutralised at 70°c. to phenol- 
phthalein, are added. The contents of the flask 
are shaken with a swirling motion to cause the 
alcohol to extract the free acid, and are titrated 
while still hot with 0-1 n. sodium hydroxide 
solution to phenolphthalein, mixing of the 
hquids being vigorously maintained during 
titration. The acid value is obtained by multi- 
plying the titration by 6 61 and dividing by the 
w'eight of fat used. The percentage of free fatty 
acid 18 obtained by dividing tho titration in 
millilitre-j by tho weight in grams of fat used 
and multiplying' the result by a factor ; the 
latter is 2 82 for oleic acid, 2 66 for palmitic 
acid, and 2 00 for lauric acid. 

In the case of bodied oils such as boiled linseed 
oil or of stand oils or tung oils it is preferable to 
dissolve 10 g of tho oil m 25 ml of neutral 
benzene, add 60 ml. of cold alcohol, neutrahsed 
to phenolphthalein m the cold, and then con- 
duct the titration in the cold. This forms the 
basis of the British Standard method for the 
determination, e g,y in B S. No. 663, 1936 In 
the mtei nationally agreed method of tho Inter- 
national Commission, 150 ml. of a mixture of 
equal parts of 95% alcohol and ether are used 
similarly (B S. No. 684, 1936). All three 
methods lead to the same results in most cases. 

In cases where the actual percentage of free 
fatty acids by weight is required, as for instance 
m certain acid oils, tho following method may 
be used ; ]^t is a modification of one duo to G. S. 
Jamieson and W. F. Baughman (Official Monthly 
Bulletin Interstate Cotton Seed Crushers Associ- 
ation, Chemists’ Section, August, 1922, p. 33). 

Weigh 10 g. of the crude oil, or 2 g. of acid oil, 
into a separating funnel and add 60 ml. of light 
petroleum (b.p. 40-60°c.) ; mix well. Add 10 
ml. of 14% potassium hydroxide solution, 
stopper, and shake vigorously for 3 minutes 
Add 26 ml. of 50% alcohol (v/v) and again shake 
for 16 or 20 seconds. Allow to stand until the 
mixture separates to two layers. Without delay 
draw off the lower layer to a second separator 
and shake with 20 ml of hght petroleum. Draw 
off the lower layer, after separation, to a third 
separator, and transfer the upper layer to the 
first funnel. Again wash the aqueous-alcoholic 
solution with 20 ml of light petroleum and add 
the petroleum to the first separator. Wash the 
contents of this twice with 16 ml. portions of 
60% alcohol and add the washings to tho 
alkaline extract. Transfer the combined ex- 
tracts to a separating funnel, add an excess of 
hydrochloric acid, 200 ml. of water, and 90 ml. 
of ether. Shake until soaps have decomposed 
and the liberated fatty acids dissolve. Draw 
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off the lower layer, transfer the upper to a fresh 
funnel, return the lower layer to its funnel, and 
again extract with ether. Combine the ether 
extracts and wash them once with water. 
Transfer them to ^ weighed flask, evaporate, 
dry in the oven for a short time and weigh. 

t 

Unsaponifiable Matter. 

The term unsaponifiable matter has generally 
been taken to indicate that fraction of a fat 
which docs not combine with caustic alkali and 
is not hydrolysed thereby, but which is soluble 
in ether or light petroleum. Various methods 
have been proposed from time to time for its 
determination m oils and fats and it may be 
noted that many of these lead to most erroneous 
results. Amongst the now-discarded methods 
may be mentioned one in which the material 
recovered consists of the fraction not extractable 
from a carbon tetrachloiide solution of the fat 
by sulphuric acid, and one in which a diied and 
powdered soap prepared from the fat is extracted 
with ether. The available methods were review ed 
by a Sub-committce of the Analytical IMethods 
Committee of the Society of l^ubhc Analysts 
and Other Analytical Chemists (8 P.A.) in 1931- 
33 and as a result the Sub-committee developed 
a method which was in advance of any other 
when published, and still remains so This 
method is very similar to that of the British 
Pharmacopoeia 1932 which was largely based 
on it , and it has been adopted in all British 
Standards m which a lequiicmcnt is made for 
a limited unsaponifiable matter content. Jts 
accuracy and rehability appear to be amply 
confirmed m an exhaustive rc\icw made by 
G Kirsten (J. Assoc. Off. Agric. Chem 1942, 
25 , 728) in which comparison was made with 
the official F.A.C. method (Methods of Analysis 
of the A O A C., 1940, p. 438), the continuous 
extraction method of Rogers (Oil and Soap, 
1939, 16 , 127), the modified Kerr-Soiber method 
(J Assoc Off Agnc Chem 1926, 9 , 247), and 
that of G S Jamieson (op cit , p 340) 

The S P.A. method and the account of its 
development appear m the Sub-committee’s 
Report No. 1 (Analyst, 1933, 58 , 203) which 
makes it clear that the method was developed 
by the Sub-committcc laigcly fiom that of E R 
Bolton and K. A. Williams (ih'id. 1932, 57 , 25), 
this being itself developed from an earlier 
method of the same authors (ibid 1930, 55 , 5) 

In the report, unsaponifiable matter is defined 
as “ that material present in oils and fats which, 
after saponification of the oil or fat by caustic 
alkali and extraction by the solvent specified 
(under the conditions detailed in the description 
of the method given later in this report), remains 
non- volatile on drying at 80°c.” The method is 
abstracted as follows in various British Stan- 
dards, e.gr., B.S. No. 663, 1936; the original 
report should be consulted for further details 
where required. “ Weigh accurately 2 0-2 5 g 
of the oil into a 250 ml. flask and add 25 ml. of 
approximately, but not weaker than, 0 5n 
alcohohe potassium hydroxide. The alkah shall 
not be darker than a pale straw colour. Attach 
the flask and contents to a reflux condenser and i 
heat on a boiling -water bath for 1 hour, with ' 
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occasional swirhng to ensure complete sapomfl- 
cation. 

“ Remove the flask from the bath, detach the 
condenser and transfer the contents of the flask 
to a 260 ml. separating funnel, washing in with 
50 ml. of water in all. Rinse the flask with 
60 ml of ethyl ether (p 0-720-0-724) and pour 
the ether into the funnel. Stopper the flask 
and shake vigorously while the contents are 
still slightly warm and allow the funnel to 
stand until the two layers of hqiud separate 
and clarify. Draw off the aqueous alcoholic 
layer into the flask used for the saponification 
and pour the ethereal layer from the top of the 
funnel into a second 250 ml. separating funnel 
containing 20 ml. of water Extract the 
aqueous alcoholic solution twice more, each time 
with 50 ml. of ether in the same manner, and 
combine the three extracts in the second funnel 
If the extracts contain sohd suspended matter 
pass them through a small dry fat-free filter 
into the second separating funnel, w'ashing the 
filter subsequently with ether 

“ Rotate the extracts gently in the second 
funnel without violent shaking with the 20 ml. 
of water and, after allowing to separate, run off 
the wash water 

“ Wash the ethereal solution twice with 20 ml. 
of water, shaking vigorously on each occasion. 
Then successively wash with 20 ml. of aqueous 
0 5n. potassium hydroxide, 20 ml water, 20 ml 
0 5n potassium hydroxide, and at least twice 
more with 20 ml. water Continue washing with 
water until the wash water no longer turns pink 
with phenolphthalein. 

“ Transfer the ethereal solution to a weighed 
flask and evaporate to small bulk. Add 2-3 ml. 
of acetone and completely remove the solvent 
from the flask by means of a gentle current of 
air, the flask being almost entirely immersed, 
held obliquely, and rotated m a boiling water 
bath Dry the flask and contents to constant 
w^eight at a temperature not exceeding 80°c. 

“ Dissolve the contents m 10 ml. of freshly 
boiled and neutralised 95% alcohol and titrate 
w'lth 0 In. alcohohe sodium hydroxide, phenol- 
phthalein being used as indicator. 

“ If the titration so obtained does not exceed 
0 1 ml , calculate the proportion of unsaponifi- 
ablo matter in the oil fiom the weight of the 
residue by dividing this by the w'eight of oil 
taken and multiply by 100, but if the titration 
exceeds 0 1 ml the test shall bo repeated from 
the beginning ” 

It may be noted that the various quantities of 
water and reagents have been carefully chosen 
and must be strictly adhered to. The ratio of 
water to alcohol to soap in the solution extracted 
has been chosen to give maximum ease of extrac- 
tion by ether, and alteration of this ratio leads 
to incomplete extraction. This is exemphfied 
in a draft method for the determination put 
forward by the Norwegian Standards Association 
(NS 489 • Norsk Hvalfangst-Tidende, 1938, 
p. Ill) which E. R. Bolton and K. A. WiUiams 
(Analyst, 1938, 63 , 662) have shown to lead to 
very low figures, and which Norwegian chemists 
have since agreed privately to be unsatisfactory ; 
the method is stated (privately) to have been 
derived from German soflrees. 
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The unsaponifiablo matter separated by the 
S.P.A. Method includes, inter aha, hydrocarbons 
and higher alcohols and sterols, but is sub- 
stantially free from free fatty-acids, soaps, 
glycerides, mineral matter, and volatile matter. 
Examination of the unsaponifiablo matter has 
been shown to yield useful information in certain 
directions. Thus E. R. Bolton and K. A. 
Williams {ibid. 1930, 65, 6) have used a deter- 
mination of the iodine value (I.V.) of the un- 
saponifiable by the Kosenmund-Kuhnhenn 
method to classify oils into four groups; the 
first of I.V 04-70 including animal fats and fats 
of the coconut group ; the second of I.V 90-90 
including fish and marine-animal oils and cocoa 
butter; the third of I.V. 117-124 including 
many if not aU the vegetable oils except obve 
oil; and the fourth containing only olive oil 
with an I V. of ca. 200. Later work has shown 
the classification to bo less simple than was at 
first believed , thus olive oil from various sources 
may yield values approaching 300, and teasced 
oils having values of 250 are fairly common. 
Nevertheless the method justified itself on its 
introduction by suppressing a widespread adul- 
teration of oliv^e oil with tcasccd oil that had 
been practised on a largo scale for many years. 

Further work on the unsapomfiable matter of 
ohve oil by J. C. Drummond and T Thorbjamar- 
son {ibid. 1935, 60 , 23) led to the isolation of 
squalene, present in the unsaponifiablo matter 
to the extent of 31-64% ; and this work indi- 
cates a satisfactory method for the separation 
of hydrocarbons from an oil. The method is 
one of chromatographic adsorption and consists 
in dissolving the unsaponifiablo matter in a 
mixture of 90 parts of light pcti oleum (b p 
40-60°c ) and 10 paits of benzene and passing 
the solution slowly through a column about 8 in. 
high of specially prcjiaied aluminium oxide 
The column develops distinct coloured zones 
when it IS washed with a considerable quantity 
of the solvent mixture or with light petroleum, 
and each zone represents the pait where a 
different set of comiiounds is adsorbed All the 
unsapomfiable matter except hydrocarbons 
soluble in petroleum remain in the column, and 
the hydrocarbons can be recovered from the 
wash liquors for identification and estimation 
A modification of the method has been applied 
to the detection of fuel oil in whale oil by E. R 
Bolton and K. A. Williams {ibid. 1938, 63 , 84) 
and IS likely to find further extended use in 
analysis 

Animal and vegetable oils are differentiated 
by the type of sterols they contain, and much 
attention has boon given to the separation of 
cholesterol and phytosterol and the subsequent 
formation of their acetates and determination of 
the melting-point thereof as a means of dis- 
tinguishing these two classes of products and of 
determining the amounts of each in admixture. 

The Sterol Acetate Test is best applied 
in the form of a modification reported by 
A. More {ibid. 1929, 54, 735) as devised by Van 
Sillevoldt of Leiden as follows : Saponify 15 g. 
of the filtered fat with 9 5 ml. of potassium 
hydroxide solution (100 g. KOH in 1,400 ml. 
water) and 20 ml of alcohol (96%) in a 300 ml. 
conical flash pyovided*with a reflux condenser. 


Shake while warm until the fat is dissolved, and 
heat further for 30 mmutes. Cool, add 10-20 
ml. of digitonin solution (1% in 96% alcohol). 
Allow the mixture to stand for 24 hours in a 
cool place and filter on a Buchner funnel with a 
close-fitting paper. Wash with a small amount 
of alcohol to remove soap. The digijonm-sterol 
compound flakes off on drying. vVeigh the 
steride and acetylate it with ten times its weight 
of acetic anhydride, and proceed with the 
crystalhsation from alcohol (about 95%) as in 
the Bomer method (Z. Unters. Nahr- u. Genussm. 
1901 , 1902, 1018) which requires the crystal- 
lisation of the sterol acetates at least five times 
from alcohol with determination of the melting- 
point after each crystallisation. If the melting- 
point of the crystals after five crystallisations is 
below 115-116°c. the absence of phytosterol can 
be pronounced with certainty. A gradual rise 
of melting-point above 115°c. indicates its 
presence. The method allows the detection of 
quite small amounts of vegetable oil in admixture 
with animal oils, but it is not satisfactory in the 
reverse case. Indeed, though at first melting- 
points below 125°c. were taken to indicate the 
presence of animal oil, it has been shown by 
D. W. Stouart (Analyst, 192.3, 48, 115) that 
m.p of 122°c. and oven lower may be quite 
normal for certain pure vegetable oils. It may 
also be noted that comparatively largo additions 
of animal oil to vegetable oil having a sterol 
acetate of m p. 127“c. can be made before the 
melting-point falls appreciably. 

Hydeoxy-acids. 

Very few oils contain notable quantities of 
hydroxy-acids, but castor oil is an exception, 
and a determination of these compounds by 
means of the acetyl value is an important item 
in the analysis of the oil. 

The British Standard for the dctcimination 
(B S No. 650, 1936) is as follows • Boil 10-20 g. 
of the oil with twice its weight of acetic an- 
hydride (b p. 137-139°c ) for 2 hours under 
leflux condenser m all-glass apparatus. Pour 
the solution into all beaker containing 500 ml 
of hot water and boil the mixture for 30 minutes, 
passing a fine stream of carbon dioxide through 
the liquid all the time. Allow the mixture to 
separate to two layers ; siphon off the water 
Repeat the heating of the oily layer with a 
further 500 ml. of w ater and the separation of 
the oil three times more to remove all acetic 
acid. Filter the acetylated oil through dry 
paper until free from water ; if necessary use 
anhydrous sodium sulphate to assist the drying. 

Saponify 6 g of the acetylated oil with 50 ml. 
of 0 6 n. alcoholic potassium hydroxide (ac- 
curately standardised) as in the determination 
of a saponification value ; distil off the alcohol 
on a boiling-water bath and dissolve the soap 
in water. Add to the solution 0*6n sulphuric 
acid in exactly the quantity equivalent to the 
alcoholic potassium hydroxide employed, and 
gently warm until the fatty acids separate com- 
letely as an oily layer. Filter and wash with 
oiling water until the washings are no longer 
acid and titrate filtrate and washings with 0*1 
N. alkali. A shght excess of 0 5 n. sulphuric 
acid, say 1 5 ml., may be used if difficulty is 
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experienced in obtaining sepaiation, and if this 
IS done the excess must be allowed for in the 
final titration. 

Treat 5 g of the original oil in the manner 
described above, starting with saponification 
with 50 ml of 0*5n alcoholic alkali. Then 
the acetyl value is given by multiplying the 
difference ‘between the final titrations for the 
acetylated and nonacetylatod oils by 5 61 and 
dividing by 5. 

It will be scon that the acetyl value as deter- 
mined by this method corresponds to the defini- 
tion * the acetyl value is the number of milli- 
grams of potassium hydroxide required for the 
neutralisation of the acetic acid obtained upon 
the saponification of 1 g. of the acetylated oil. 
Other definitions have been proposed, and men- 
tion may be made of that of E S. West, C. L 
Hoagland, and G. H Curtis (J. Biol. Chem. 1934, 
104, 027) namely that the acetyl value should 
be the number of milligrams of acetyl taken up 
by 1 g. of the oil. These authors (ibid.) propose 
a method for the determmation as follows . 
The oil IS treated with a measured quantity of a 
mixture of acetic anhydride (1 vol ) and pyridine 
(7 vol ), the excess of anhydride is decomposed 
with hot water, and the acidity is titrated with 
standard alcoholic sodium hydroxide after 
addition of sufficient butyl alcohol to form a 
homogeneous solution. The acetyl value is cal- 
culated from the dillcrence between this titra- 
tion and a blank. 

Fatty Acid Separations. 

Information is gamed regarding the com- 
position of fats and mixtuics of fats by separa- 
tion of their fatty acids into groups ; thus by 
the separation of lead salts into fractions soluble 
and insoluble in organic solvents, fractions con- 
sisting of sohd and liquid fatty acids are ob- 
tained ; the sohd fatty acids, including t^ooleic 
acid formed on hydrogenation, may have their 
iodine value determmed to provide information 
regarding the hydrogenated oil, whilst the iodine 
value of the liquid fatty acids is also of im- 
portance. The empirical Reichert-Polonske- 
Kirschner process separates volatile fatty acids 
from the total fatty acids and is used m the 
analysis of butter fat and fats of the coconut 
and myristica groups. The Ave-Lallemant 
method has somo use in the analysis of butter 
and depends on the separation of soluble barium 
salts of fatty acids. Arachidic acid is separated 
in crude form by the Evers tests and cha- 
racterises arachis oil, while separation of the 
insoluble bromides is used in deahng with drymg 
oils. For complete separation of the fatty acids 
m fats use of the Hilditch modification of the 
Ester Fractionation Test is made. 

The Lead -salt Separation may be made 
with either ether or alcohol as solvent, and in 
late years the latter solvent has been widely 
used. However, the liquid fraction is not usually 
recovered in this method, and certam advantages 
claimed appear to be based on a fallacy ; conse- 
quently K. A. Wilhams recommends the follow- 
ing hitherto unpubhshed modification of the 
ether separation process as the most satisfactory 
method. 

Between 2 and 2-5 g. of the fat are weighed 
Vol. IX.-~6 
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into a 250-ml. conical flask, 25 ml of a 0 5 n. 
alcoholic potassium hydroxide solution are 
added and the fat is saponified as in the deter- 
mination of the saponification value. The liquid 
IS neutralised to phenolphtlialem with glacial 
acetic acid added drop by drop, and if necessary 
a few drops of the alcoholic alkali are added to 
render the liquid just pink. The solution is 
evaporated as nearly as possible to dryness on a 
boilmg-water bath, and the soap is dissolved 
in 50 ml. of hot water. An excess of a 10% 
solution of lead acetate in water is added, the 
presence of excess being judged by the dis- 
appearance of the pink colour of the phenol- 
phthalein added for the previous neutralisation, 
which has incidentally deepened during the 
evaporation. The flask and contents are now 
heated in a boiling-water bath until the lead salts 
melt somewhat and adhere to the sides of the 
flask The flask is removed from the bath and 
allowed to cool until the lead salts congeal. The 
aqueous liquid is poured off through a filter and 
the contents of the flask are washed with hot 
water Any lead salts transferred to the filter 
are brought together by means of a jet of boiling 
water, allowed to cool and congeal, and are 
transferred back to the flask. The flask is 
drained of water, and when cool may safely be 
shaken to remove as much as possible ; this 
removal is of primary importance, as water inter- 
feres with the subsequent processes 100 ml. of 
ether are added to the flask, which is then 
warmed with great care on a warm -water bath 
to assist the solution of the soluble lead salts. 
When the bulk of the insoluble salts have become 
detached from the sides of the flask, the con- 
tents are coded, and the flask is stopjiered and 
allowed to stand for at least 18 hours It should 
be shaken at intervals, and m general it will be 
found that during this period the insoluble salts 
separate m a powdery condition. If hard fats 
are being dealt with, lumps may persist, and 
should bo broken up with a glass rod. The 
completion of the solution of soluble salts may 
bo judged by the supernatant liqmd becoming 
clear, initial turbidity disappearing when it is 
achieved The contents of the flask are then 
filtered, the filtrate being caught in a 500-mI. 
separating funnel. The filter must at this stage 
be covered with a glass to minimise evaporation. 
The insoluble salts are carefully washed with 
other, particular care being paid to the rim of 
the paper. When washed they are transferred 
quantitatively to a second funnel with ether. 
Excess of strong hydrochloric acid is added to 
each funnel, and each is shaken to cause com- 
plete decomposition of the salts. A large excess 
of water is then added to each, and the funnels are 
shaken and allowed to stand for the contents to 
separate. The aqueous layer is drawn off from 
each, and the ether layers are washed with water 
until all lead chloride has been removed. The 
ethereal solutions of the fatty acids so produced 
are transferred quantitatively to small flasks, 
evaporated, dried preferably in inert gas, and 
weighed. The iodine value of the solid acids is 
determmed. The proportions of saturated acids, 
tsooleic acid, and liquid acids are calculated as 
follows, allowance being made here for the slight 
solubility of lead t^oolcate in ether, and for the 



66 


OILS (FATTY) AND FATS, 

impossibility of completely removing soluble 
lead salts from insoluble ones These two factois 
are standardised in the determination and cal- 
culation, in which it IS assumed that the fat 
under consideration is substantially neutral 

First obtain the percentage of total fatty acids 
combined m the fat by subti acting 12 7 from the 
saponification equivalent and dividing the result 
by the saponification equivalent. Compare this 
figure with the sum of the weights of solid and 
liquids acids recovered divided by the weight of 
fat taken and multiplied by 100 Provided the 
figures agree reasonably well, calculate the pc'r- 
centage of solid acids (uncorrei'tod) and of liquid 
acids (uncorrected) from the weights of each 
recovered and the total weight of fatty acids 
recovered. Let these percentages be icspcc- 
tively S and L. Let be the iodine value of 
the solid acids , Jw be the iodine value of the 
total fatty acids, obtained by dividing the iodine 
value of the neutral fat by the total jiercentage 
of fatty acids derived above and multiplying by 
100 , W the total weight m grams of fatty acids 
recovered ; X the number of millilities of ethei 
used in separating the two classes of lead salts , 
7/ the iodine value (iincorrected) of the licpiid 
fatty -acids, calculated by piopoition from A’, 
L, Iu)f and 7^. 

Then the percentage of Mooleic acid piesent is 
given by • 

>S^“[/^,-(100-.Sf)/L5]/90-4-0 058A7ir 

The percentage of saturated acids is given by 

6’{100-[78-(100--^’)/li5j/00]-(100~AS')/157; 

The corrected percentage of liquid acids piesent 
IS given by subtracting the sum of the collected 
percentages of saturated and isoolcic acids from 
100 If these hqiuds acids are known to con- 
sist only of linolcic acid and olcuc acid, the pio- 
portions of the two acids can readily bo cal- 
culated , if other unsaturated acids aie piesent 
it is necessary to know which and in what pro- 
portion before the requisite calculation can be 
made. 

This method is based on the oiiginal one of 
Gusserow (Annalen, 1828, 27, 153) modified by 
Varrontrap {ibid 1840, 36, 190) It fields 
results similar to but not identical with those 
of the method proposed by E. Twitchell (J Ind 
Eng Chom 1921, 13, 806) employing alcohol as 
solvent T P. Hilditch and J Priestman 
(Analyst, 1931, 56, 354) leviewing the latter 
method note that in general stearic acid is 
practically always absent from the liquid acids , 
palmitic acid is usually absent from them but 
has occasionally been observed in appreciable 
amounts ; myristic acid passes to a considerable 
extent into the liquid acids ; acids lower than 
mynstic give lead salts incicasingly more soluble 
in alcohol. Consequently, Twitchell’s method 
gives lower percentages for saturated acids if 
lower acids are present, and it may be observed 
that this criticism applies equally to the ethereal 
method described above 

A method proposed by Bertram (Z deut. Gel 
u Fett Ind. 1925, 46, 733), in which an alkaline 
solution of soaps from 5 g of fat is oxidised with 
potassium permanganate solution below 26°c. 
to break down unsaturated acids, the product is 
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extracted with light petroleum to remove higher 
saturated acids and iionoic acid, and the latter 
is lemovcd from the ammonium salts of the 
mixture as the magnesium salt, has been re- 
viewed by T P Hilditch and J Priestman 
(Analyst, 1931, 56, 354) who conclude that both 
it ancl its modifications aie subject to the same 
ciiticism as the Twitchell method 
The determination of solid unsaturated acids 
by lead-salt separation was leviewed by L V. 
Cocks, B C Christian, and G. Harding {ibid, 
1931,56, 368) who found that the lead salts of 
the solid unsaturated acids produced in hydro- 
genation (isoolei(‘ acid) are markedly soluble in 
alcohol but much less soluble in ether and light 
petroleum. They accordingly evolved a method 
using light peti oleum for the lead-salt separation. 
3 5 g of freshly prepaied fatty acids aio dis- 
solved in 50 ml of 92-93% (by weight) alcohol 
and 3 45 g lead acetate (if moie than 25% solid 
acids are present) or 1 g. (if less) is dissolved in a 
further 50 ml of similar alcohol The two solu- 
tions are heated to boiling, and the lead acetate 
is pouicd into the other After mixing and again 
heating to boiling the solution is allowed to cool 
slowdy and kept at 15-20°c. overnight The 
mixture is stirred and filtered on a 10-cm. 
Buchner funnel. The lead salts on the funnel 
and any in the flask aie washed with 100 ml of 
light iietroleum (b p 40-60^ 0 ) in 20 ml portions, 
and the washings are distilled to remove the 
petroleum completely. The lesiduo is dis- 
solved by boiling under reflux with 20 ml. of 
aholiol (92-93% by weight) containing 1 chop of 
glacial acetic acid The solution is allowed lo 
(Tystallis(' for 3 houis at 15-20^c The crystals 
are filtered and washed with 20 ml of the alcohol, 
and they and those first removed on the Buchner 
funnel are decomjiosed by acid and the solid 
acids are recovered I’lic liquid acids aie also 
lecovered The iodine value of the solid acid 
is determined, and the percentage of solid un- 
saturated acids calculated on the assumption 
that such acids have an iodine value of 90, unless 
derived from rape oil, when the figure is 75 5. 
The method has the advantage of avoiding as far 
as possible the formation of insoluble lead oleate 
to which attention had been drawui by K A. 
Williams and E K Bolton {ibid 1924, 49, 460). 
I'liese authois employ the deteimination of iso- 
olcic acid as a means of rec ognising the presence 
of hydiogenated oils in a fat 
The Reichert-Polenske-Kirschner Pro- 
cess yields figures depending on the amounts 
present of water-soluble volatile fatty acids, of 
water-insoluble volatile fatty acids, and watei- 
solublo volatile fatty acids having soluble silver 
salts. These values are used in assessing the 
purity of butter fat and in characterising and 
dctcimining various products of the coconut 
grouj) of fats either alone or in admixture. An 
authoritative description of the process with 
fuller details than had hitherto been collected 
together was pubhshed by the Analytical 
Methods Committee of the Society of Public 
Analysts and Other Analytical Chemists {ibid 
1936, 61, 404), and this is based on the method 
described by E Polenske (Z unters. Nahr - u 
Genussm. 1904, 7, 273), with A. Kirschner’s ex- 
tension {ibid, 1905, 9, 66) which came into use 
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after the work of C. itevis and E. R. Bolton 
(Analyst, 1911, 36, 333) The process is an 
empmcal one and satisfactory results depend on 
exact adherence to all the experimental details. 

The following description includes all the 
necessary experimental directions of the S P.A. 
report, from whieh it has been somewhat con- 
densed 

Fatty acids hberated from the fat are steam- 
distilled in a still of standard dimensions; 
the correct data for the still and still head, etc , 
appear in the Analyst report referred to above 
and are reproduced in Figs 2 and 3 (by per- 
mission) , it should be noted that incorrect 
dimensions have appeared in certain other 
pubhcations from time to time. 



Weigh 5 g. (tolerance not exceeding 0 01 g ) 
of the fat into a Polenske flask Add 20 g. of 
glycerol and 2 ml. of concentrated sodium 
hydroxide solution (sodium hydroxide dissolved 
in an equal weight of watei and stored in a bottle 
protected from carbon dioxide , the clear upper 
part of the solution is used). If this solution is 
dispensed from a burette the latter must bo pro- 
tected from carbon dioxide, the nozzle wiped 
clean from carbonate before withdraw al of solu- 
tion, and the first few drops rejected. Heat over 
a naked flame, with continuous mixing, until the 
fat, including drops adhering to upper parts of 
the flask, is saponified, and the liquid becomes 
perfectly clear. Cover the mouth of the flask 
with a watch-glass. Make a blank test without 
fat, usmg the same quantities of reagents and 
following the same procedure, and avoiding over- 
heating during the heating with soda (indicated 
by darkening of the solution). 

Measure 93 ml. of boihng distilled water, 
which has been vigorously boiled for 15 minutes, 
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mto a 100 ml. graduated cylinder, just previously 
rinsed with boiling distilled water When the 
soap IS sufficiently cool to peimit addition of the 
water without loss, but before the soap has 
solidified, add the water to the flask, draining 
the cylinder foi 5 seconds, and dissolve the soap. 
If the solution is not clear, or is daiker than light 
yellow, the saponification must be repeated on a 
fresh sample of fat Add 0*1 g of pow^dered 
pumice (passing a sieve B S No. 50 but retained 
on a sieve B IS No 90), followed by 50 ml of 
dilute sulphuric acid solution (of which 40 ml 
neutralise 2 ml of the concentrated sodium 
hydroxide solution), and connect the flask at once 
with the distilling appai atus specified Heat the 
flask, without boiling, until the insoluble acids are 
completely melted, then increase the flame and 
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Fig 3 — Still Head for Polenske 
Distii.lation Apparatus. 


distil 110 ml in 19-21 minutes When the 
distillate reaches the 110-ml mark, remove the 
flame and replace the 110-ml. flask by a 25-ml. 
cylinder to catch drainings Close the 110 ml. 
flask with a stopper, and, without mixing, im- 
merse it beyond the 110-ml. mark in w^ater at 
15°c. for 10 minutes Then remove it from the 
water, dry the outside, and invert it carefully, 
avoiding wotting the stopper with the insoluble 
acids Mix the distillate by four or five double 
inversions without violent shaking. Filter 
through a dry 9-cm. Whatman No. 4 paper, 
fitting snugly into a funnel. Reject the first 
runnings and collect 100 ml in a dry flask , cork 
the flask, and retain the filtrate for titration for 
the Reichert Value. The filtrate must be free 
from insoluble acids. 

Detach the still head and wash the condenser 
with three successive 15-ml. portions of cold 
distilled water, passing each separately through 
the cylinder, the 110-ml. flask, and the filter, 
nearly filling the paper ea<ih time, and draining 
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each washing before filtering the next. Discard 
the washings. Dissolve the insoluble acids by 
three similar washings of the condenser, the 
cylinder, and the filter with 15 ml (portions) of 
neutralised alcohol, collecting the washings in 
the 110- ml. flask, and draining the alcohol after 
each washing. Cork the flask and retain for 
titration for the Polcnske Value 

Reichert Value. — Pour 100 ml. of the fil- 
trate contaming the soluble volatile acids into 
a dry titration flask, add 0 1 ml. of phenol- 
phthalein solution (0-5 g. dissolved in 100 ml. 
of industrial methylated spirit), and titrate with 
0 In. barium hydroxide solution until the 
hqiud becomes pink, rinsing the 100-ml. flask 
with the liquid towards the end of the titration 
(The baryta solution may be replaced by 0 1 
N. sodium hydroxide solution if the Kirschner 
Value 18 not to bo determined ) The Reichert 
Value IS obtained by multiplying the dilferonee 
between the test and blank titrations by 1*10. 

Note the actual volume of baryta solution | 
used, dram the 100 ml flask into the titration ] 
flask, close with a cork, and reserve the solution 
for the Kirschner Value. 

Polenske Value. — -Titiate the alcoholic 
solution of the insoluble acids after addition of 

0 25 ml. of the phonolphthalem solution until 
the solution becomes pink. The Polenske Value 
18 obtained by subtracting the blank titration 
from that of the test. 

Kirschner Value. — Add 0 5 g. of finely 
powdered silver sulphate to the neutralised 
Reichert solution. Allow the flask to stand 
(covered) m the dark for 1 hour, with occasional 
shaking, and filter the contents through a dry 
filter. Transfer 100 ml. of the filtrate to a diy 
Polenske flask, add 35 ml of cold distilled water 
(recently boiled for 15 minutes), 10 ml of the 
dilute sulphuric acid solution, and a looscly- 
wound 5 -mm. coil of 30 cm. of aluminium wire 
(S.W.G. 18-20) or 0 1 g. of pumice powder 
Connect the flask with the standard distilhng 
apparatus and distil 110 ml. in 19-21 minutes, 
mix the distillate as before, filter it as before, 
and titrate 100 ml. of the filtiate with 0 1 
N. barium hydroxide solution. Then the Kirsch- 
ner Value IS obtained by multiplying the difier- 
enco between the test and blank titrations by 

1 21 and by (100-h«) and dividing by 100, where 
a represents the actual volume in millilitres of 
barium hydroxide solution used in the Reichert 
titration 

Polenske values and, to a lesser extent, Reichert 
values are affected by barometric pressure, vary- 
ing with the pressure. Smtable corrections have 
been given by V. H. Kirkham (ibid 1920, 44, 
293) and are repeated in the S.P.A. report. 

A semi-micro modification of the method is 
described by B. Dyer, G. Taylor, and J. H. 
Hamence (ibid, 1941, 66, 355). 

For the use of the test in determmmg coconut 
and palm-kernel oils and butter fat in mixtures, 
see E. R. Bolton ^ (pp 122-125). 

Crude Arachidic Acid is separated from oils 
in order to confirm the presence and estimate the 
amount of arachis oil in mixtures and various 
tests have been developed from the original 
observation of J. Belher (Ann. Chim Analyt. 
1899, 4, 4) of the coipparative insolubility of the 
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acid in 70% alcohol. Of these the tw^o following 
tests of N Evers (Analyst, 1912, 37, 487 ; 1937, 
62, 96) are undoubtedly the most satisfactory. 
The longer quantitative method is employed 
in the British Pharmacopoeia 1932 and in various 
British Standards, e.gr., B S. No. 629, 1935, 
where it is thus described . 

Boil 5 g. of the oil in a 200- ml.* conical flask 
with 25 ml. of 1 5 n alcoholic potassium 
hydroxide for 5 minutes under a reflux condenser 
Add to the hot solution 7 5 ml of acetic acid 
(33% w/w) and 100 ml. of alcohol (70% v/v) of 
p 0 890, to which 1 ml. of hydrochloric acid 
(p l*16)]ha8 been added. Maintain the tempera- 
ture of the mixture for 1 hour at 12-14°c. Filter 
the solution and wash the precipitate with the 
same mixture of alcohol (70%) and hydrochloric 
acid at 17-19°c., the precipitate being broken 
up occasionally by means of a platinum wire 
bent into a loop, until the washings give only a 
faint turbidity with water Note the total 
volume of alcohol (70%) used for the crystallisa- 
tion and washing. Dissolve the precipitate in 
70 ml of alcohol (90% v/v) of p 0-833 and cool 
the solution to a fixed temperature between 15° 
and 20°c. for 3 hours . then filter and wash with 
35 ml of alcohol (90%) at the same temperature 
and then wnth 50 ml. of alcohol (70%). Dissolve 
the crystals in warm ether and filter into a tared 
flask, the filter being well washed with ether 
and the washings added to the solution an the 
flask. Evaporate the ether and dry the residue 
at 100°c , cool, and weigh Determine the 
melting-point of the crystals, and if it is found 
to be lower than 71°c. recrystallise from alcohol 
(90%), transfer to a tared flask, dry, and weigh 
as before. 

To the total weight thus found add from Tables 
A and B, below, corrections for the solubility of 
the crystals in alcohol (90%) and alcohol (70%), 
in the latter case calculating the correction from 


Table A. 


Weight of 
ciystala 
obtained 

Correction (g ) to be added per 70 ml 
of alcohol (1)0%) used at 

g 

15'’C 

17 5"0 

20'’O. 

0 05 

0 0217 

1 0 0280 

0 0322 

0 10 

0 0252 

0 0315 

0 0364 

0 15 

0 0295 

0 03 >4 

0 0400 

0 20 

0 0336 

0 0392 

0 0434 

0 25 

0 0364 

0 0424 

0 0466 

0 30 

0 0385 

0 0448 

0 0497 

0 35 

0 0407 

0 0473 

0 0522 

0 40 

0 0427 

0 0497 

0 0546 

0 46 

0 0440 

0 0517 

0 0567 

0 50 

0 0457 

0 0532 

0 0588 


Table B. 


Melting-point 
of crystals, 

‘’c 

Correction (g ) 
to be added 
per 100 ml of 
alcohol (70%) 

factor for 
converting cor- 
rected proportion 
of arachidic 
acid to arachis 
oil 

71 0 

0 0130 

17 0 

71 5 

0 0099 

18 6 

72 0 

0 0080 

20 0 

72 5 

0 0067 

21 1 

73 0 

0 0060 

22 0 
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the total quantity of alcohol (70%) used in pre- 1 
cipitatmg and washing, including the 100 ml. 
used in the first instance. Multiply this corrected 
weight in grams by 20 to obtain the propor- 
tion of crude arachidic acid present in the oil, and 
obtain the percentage of arachis oil present by 
the use of the appropriate factor in Table B. 

N. Evers* qualitative test (ibid 1937, 62 , 96) 
is designed for the detection of arachis oil in 
olive and almond oils and eliminates much of 
the work required in the foregoing It is as 
follows * 

1 ml of the oil is saponified with 6 ml. of 
1 5 n. alcoholic potassium hydroxide solution 
by heating on the water bath for 5 minutes, 
avoiding loss of alcohol , 50 ml of 70% alcohol 
are added, followed by 0 8 ml of hydrochloric 
acid (p 1*10). After heating to dissolve any 
precipitate that may be formed the solution is 
cooled in water, and continuously stirred with a 
thermometer, so that the tempciaturo falls at 
the rate of about l"r. per minute. If a turbidity 
appears before the temperature reaches 9°o m 
the case of olive oil, or in the case of almond 
oil, the above quantitati\e test for arachis oil 
must be earned out; but if the liquid icmains 
clear at these temperatures, arachis oil may bo 
regarded as absent Clouding points for other 
oils are given in the original paper 

The Ave-Lallemant Baryta Value Test 
depends on the separation of fatty acids having 
barium salts soluble in water, and has been used 
in the analysis of butter fats suspected of being 
adulterated. The test is described in full by E. R 
Bolton ^ (p 53) , owing to the rise of popularity 
of the Reichert-Polenske-Kirschnor test, which 
gives similar and more definite information, it is 
now little used. A few figures for the soluble 
baryta value are given in Tables I~III (pp 53, 54) 

Reparations of other individual fatty acids than 
those already referred to are not made in com- 
mercial fat analysis, but it may be noted that 
the higher unsaturated fatty acids may be 
recovered from insoluble bromides precipitated 
in organic solvents by removal of bromine with 
zinc and hydrochloric acid in alcoholic solution, 
and that the formation of elaidic acid has been 
used to characterise the presence of oleic acid 
This was achieved by J. J. E. Poutet (Ann. 
Chim Phys. 1819, [ii], 12 , 58) by means of mer- 
cury and nitric acid ; the test has been the sub- 
ject of a quantitative study by H N Griffiths 
and T P Hilditch (J C 8. 1932, 2315) who 
showed that an equilibrium mixture containing 
about 66% of elaidic acid was obtained from 
either oleic or elaidic acid or their esters. 

In researches into the chemical composition 
of fats it 18 however necessary to have methods 
for the determination of the amounts of the 
various fatty acids present, and also methods for 
determining in what manner these acids are 
grouped on the glyceryl residue. The modem 
methods for such work have been developed 
largely by T P. Hilditch and his co -workers , 
an account of them appears in T. P. Hilditch ® 
(p. 367), from which the following brief note has 
been abstracted. 

Mixtures of higher fatty-acids such as are 
normally present in natural fats are ultimately 
resolved by fractional distillation in vacuo of 
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their methyl or ethyl esters into a series of 
fractions containing substantially not more than 
two saturated esters and not more than two 
homologous groups of unsaturated cstei s Before 
fractionation is attempted however it is usually 
best to make some preliminary separation, not 
necessarily complete, but tending to group 
roughly acids of similar properties into two or 
three mam sets of esters. Such groups are more 
easily dealt wuth than their mixture in the 
original fatty acids. 

The first process consists in the preparation of 
the mixed fatty-acids of the fat, generally from 
70 to 100 g of the latter, by saponifying in a 
manner similar to that used in the titrc test 
(p lid), Caro must bo taken to ensure com- 
plete saponification of the fat, and when highly 
unsaturated acids are present the saponification 
must not occupy too long a time, to minimise 
changes produced in these acids by prolonged 
boiling with alkah. 

Unsaponifiablo matter is next removed as 
completely as possible from the soap solution by 
continuous extraction with ether in a suitably 
designed extractor In this extraction the soaps 
are in solution m an aqueous-alcoholic men- 
struum , the solution should be as dilute as 
possible and the ratio of alcohol to water should 
bo about 1 2. After the extraction the ether is 
washed with water to remove soap, which is 
added to the mam soap solution Alcohol is 
removed from this, and the mixed fatty acids 
are hberated as m the title test (see p. lid), 
and recovered Volatile fatty acids are removed 
as completely as possible by steam distilling 
and extraction from the distillate with ether 
They are fractionated directly from a Willstatter 
bulb; the fractions are titrated with standard 
alkali, and the iodine value of the residue m the 
bulb is determined. 

The residual fatty acids from the steam distil- 
lation are extracted with ether, washed, and 
recovered and dried They are then separated 
roughly into “ solid ” and “ liquid ” acids by a 
lead salt separation, usually a modification of 
the method of E. Twitchell (see p. 656). In 
T P. Hilditch’s modification (op cit ) the lead 
salts which crystallise are rocrystalhsed from a 
second portion of alcohol, solid acids are 
regenerated from the crystallised salts, and 
liquid acids from the combined alcoholic filtrates 
after removal of alcohol. 

As an alternative to the lead -salt separation 
A. Grun and J. Janko (Z. dout. Ool u. Fett Ind. 
1921, 41 , 553, 572) propose the brommation of 
the fatty acids, the distillation in vacuo of the 
saturated acids from the bromo-compounds, and 
the recovery of the unsaturated acids by zinc 
and alcohohe hydrochloric acid. 

The mixed fatty- acids of each group are con- 
verted to methyl esters by boilmg with about 
twice their weight of methyl alcohol m the 
presence of 2% of sulphuric acid, removing any 
uncsterified acids, which should not form more 
than 2-3% of the total, with dilute potassium 
carbonate solution from an ethereal solution of 
the esters, and preferably re-estcnfying the acids 
so recovered and adding them to the mam bulk 
of esters. 

The esters arc now fractionated in a vacuum 
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of 0*1-0 2 mm. of mercury in special distilling 
apparatus, various forms of which are described 
by T P. Hilditch ® (pp. 374 et seq ), the preferred 
fractionating column being one devised by H E 
Longenecker (J S.O I. 1937, 56, 199t). The 
boiling range, saponification equivalent, and 
iodine value of each fraction is recorded, and the 
composition of each is calculated on the assump- 
tion that it contains, as alrcad^'^ stated, two 
saturated and two unsaturated acids Finally 
the figures are collected and referred to the 
original acids Examples of the somewhat 
laborious calculations involved are given by 
Hilditch {op cil ) 

In cases where the unsaturated acids are not 
mainly of the oleic acid scries with varying un- 
saturation but consist of groups of two homo- 
logous acids, recourse is had to catalytic hydro- 
genation in Older to tiansform all acids of the 
liquid fraction into saturated acids before they 
are esterified and fiactionatcd In nioie com- 
plicated cases, where acids of varying degree of 
unsaturation derived fiom three or more homo- 
logous acids are piesent, the amount and/oi 
ecpiivalent of the saturated esters in the estci 
fractions is determined 

Glyckride Skparatio>s 

Methods for the quantitative detcTinination 
of the fully saturated glycerides in a 
natural fat, and of the tii-C,„ glvccuides by 
means of hydrogenation, are gneii by T P 
Hilditc'h ®’(pp 405, 409) The first of these, due 
to T P Hilditch and C H Lea (J C’ S 1927, 
3100), involves the oxidation of tlie fat and 
removal of atidic compounds prodiKC'd 100 g 
of the neutralised fat aie dissohc'd in 1 1 of 
acetone in a 3-1 round-bottomed flask, and 
400 g of finely pow'clered potassium perman- 
ganate are added in small amounts with vigorous 
shaking after each addition Each addition is 
made after the licpud has ceased to boil as a 
result of the previous addition The contents 
of the flask are then refluxed for several hours , 
the acetone is distilled off, last traces being 
removed by suction The residue is giound and 
mixed with powdered sodium bisulphite (500 g ) 
The mixture is cautiously added to w'ater in a 
basin, the flask being washed with bisulphite 
solution in hot water 30% Sulphuric acid is 
added until the mixture is slightly acid to 
Congo Red paper, and sulphur dioxide is expelled 
by heat The mixture is boiled until all man- 
ganic oxides have disappeared, eooled, and 
extracted with ether if the fully saturated 
glycerides are not present in large amount If, 
however, this proportion is large, the solid layer 
of organic matter is removed from the top of 
the cooled aqueous mineral acid extract, washed 
free from mineral acid and salts w’lth water, and 
dissolved in 10 vol of other , the extract is cooled 
to 0°c for some time, and the precipitate is 
removed, washed and, if necessary, added to fully 
saturated glycerides fiom the ether filtrates foi 
purification If the proportion is not largo, the 
ether solution obtained as above is washed with 
water, and is then extracted cautiously alter- 
nately with 10% aqueous potassium carbonate 
solution and water Great care is needed to 
avoid troublesome eifiulsions. When extraction 
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of acidic compounds is complete the solution is 
washed with watiu The aqueous and alkaline 
WMshings arc united and wa^.hed with ether, 
which IS added to the former ether extract. The 
ether is removed and the residue weighed 

Should a larger percentage of mono-azelao- 
glycerides be present than can conveniently 
bo dealt with thus (ovei 25%), the ether solution 
of the oxidation products is liist cooled to 0°c 
for some hours to eliminate fully saturated 
glycerides insoluble at this temperature, and the 
resulting filtrates and washings aie warmed to 
30°c and shaken vigorously with 50-100 ml. of 
saturated sodium carbonate at the same tem- 
perature. After standing for a few moments the 
small amount of aqueous alkaline emulsion is 
lun oflf, and the nearly clear ether solution sot 
aside at 0°c for several hours Sodium salts of 
mono-azelao-gly( elides c i ystalliso and ai e filtered 
off The extraction with potassium carbonate 
and w^ater is then earned out as above. 

If 20 g oi moTO of fully saturated glycerides 
are obtained a fuither purification process is 
applied thus The product is boiled in an open 
bcsin with water to which dilute potassium car- 
bonate IS addl'd until the whole lemains just 
alkaline to phenolphthalein. The aqueous la^er 
is siphoned off, and the fat boiled with water 
several times until tlic latter is neutial It is 
separated and w'eighed The weight may ho 
corrected for loss in the fieo acidic traction hv 
sepaiating the latter and determining its acid 
\alue, using this as a correcting far tor. 

For the detcTinination of the tri-G,^ glycerides 
bv means of h\drogenation the fat may he 
either conipletelv or paitially hydrogenated by 
a method given h} T P. Hilditch (op cit ) 
Tnsteann is then dctei mined by eiystallising 
repeatedly 20-50 g of the fat from ether at 0^(' 
or loom temperatuie, combining the mother 
liquois and treating them similaily The less 
.soluble portions aie crystallised from gradually 
w^eakening solution in ether to obtain a series of 
fr*actions, the saponification equivalents of which 
are determined. The composition of the frac- 
tions 1 .S calculated from these 

For the use of acetone to provide preliminary 
.separation of the glycerides of solid oi semi- 
solid fats, see T P Hilditch (op cit,), J Frankel 
and J B Brown (J. Amer, Chem Soc 1941, 
63, 1484). 

H P. Kaufmann and 0 Schmidt (Fette u 
Seifen, 1940, 47 , 294) use an adsorption method 
for the separation of fatty acids from glycerides 
and for separating saturated triglycerides from 
one another. A benzene solution is sucked 
slowly through a column of alumina and silica 
gel, when practically all the free fatty acids are 
found in the top part. If neutral saturated tri- 
glycerides are passed through the column, the 
triglycerides of high molecular w^eight are most 
strongly adsorbed on alumina and least so on 
silica gel 

The use of fractional crystallisation of 
glycerides with a view' to separating in- 
dividual compounds from fata is as yet of little 
value in analysis although the possibility has 
been extensively studied The one exception 
to this rule lies m the use of crystallisation of 
lard from ether as a means of detecting adultera- 
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tion, particularly the addition of beef fat or 
hydrogenated oils (v Vol VI 1, 1926, c) 

Bclfiold and Delafontaine m 1883 based a test 
on a method of C. Husson (il Pharm Chim 
1878, [iv], 27, 100), dissolving the fat in ether 
and examining the crystals which separate under 
the microscope In vaiious forms and wuth 
various extensions this test suivives, notably in 
the British Pharmacopoeia, 1932, where the 
modification followed is mainly that of Emery 
(U S. Animal Industiy Circ 132) The B P 
test IS as follows Place in a 25- ml stoppered 
cylinder 5 g of melted lard ; add waim ether to 
the 26 ml mark Stopper securely and shake 
until the lard is completely dissolv cd Allow the 
cylinder to stand at a temperature of lG-2(Fr for 
18 hours Decant the clear solution from the 
crystals, and wash them with thnx* portions of 
6 ml. of cold ether, avoiding breaking up the 
deposit during the first two washings Agitate 
the crystals w'lth the third portion ot ether, and 
transfer to a small filter Wash with successive 
small quantities of ether until 15 -20 ml have 
been used Pemove the last traces of ether by 
auction through the stem of the funnel. Allow 
the deposit to diy. Pulveiisc the (lystals, and 
determine their melting-point in a clo-^i^d l-Uim 
tube The melting-point must not be lower 
than fi3°c for pure laid, and is usually higher 
than 03 4-°c If below G3”o the picscncc of beef 
or hardened fats is indicated 

It may be noted that ci>st ils sonudimes fail 
to apjiear m this test, and in this case it is pre- 
sumed that no hard fit siuh as beef fat or 
hardened oils is piesent 

From an investigation of the saturated gly- 
cerides of lard and tallow obtained by lejieatcd 
fractional crystallisation, A Bomei (Z Unters. 
Nahr - u. Geniissm 1913, 25, 321 ) com hided that 
the glyceride sepal ated wms a jialnnto-disteaim 
diffeiing from a similar compound deiived from 
tallow in its structural configuration The 
dilTcrence is reflected in the crvsLilliiu* form of 
the deposits from cthei obtained with lard and 
tallow, the lard crystals iK'ing usually chisel- 
shaped with oblique ends, wliilst those from 
tallow are needle-like and curved, and are 
usually arranged in plumose tufts The foim 
of crystals deposited from mixtuies of lard and 
beef fats has been investigated by R W 8utton, 
A Barracloiigh, R. IMallinder, and O Hitchen 
(Analyst, 1940, 65, 623) who have leviowcd the 
detection of adulteration of lard in detail These 
authors find that forms of crystal tiansitional 
between the lard and the bec'f form are yielded 
by mixtuies of the fats , but this obsei \ ation has 
not been confirmed in the litcratuie It is known 
that the plumose form of crystal is given by pure 
lards imcler some conditions, and K A Williams 
(ibid, p 633) points out that when these are 
found they can be resolved to the chisel form if 
they are rolled over through a right-angle, whilst 
beef crystals retain their needle shape under this 
treatment, whence it is evident that the apparent 
plumose form of lard ciystals is due to their 
alignment, and restricted growth from a common 
point 

The British Pharmacopoeia test given above 
has boon extended by A. Bomer (Z Unters 
Nahr. -u. Genussm. 1913, 26, 559) to include 


determination of the melting-point of fatty acids 
prepared from the crystals deposited from ether. 
The difference between this figure and the 
melting-point of the crystals is about 5 2°c. for 
pure lards and ranges from 0 1° to 2 G^’c for beef 
and mutton fats An arbitiary figure obtained 
by adding twice this difference to the melting- 
point of the crystals has been proposed by H 
Sprinkmeyer and A Diednchs (ibid 1914, 27, 
571) as a criterion of purity. J. Kerr (J Assoc 
Off Agric Chem 1920, 4, 195) proposed the 
substitution of acetone foi ether as solvent for 
the crystallisation, using a tempeiatiire of 
30 -f 2°c. and calculates the arbitrary figure 
before suggested, suggesting a limit of 73 for 
pure lard This test appears in a form put for- 
ward by an American Chemical Society Com- 
mittee (Ind Eng Chem [Anal], 1940, 12, 379) 
and is abstractecl in detail m Analyst, 1940, 65, 
508. The method has been ciiticised, as has 
also the British Pliarmacopoeia method, by K. A 
Williams (ibnl 1940, 65, 59G), who states that 
the limits of temjierature laid down in each test 
for tho crv^stallis.ition are not sufficiently close, 
and peimit of considerable divergenco m tho 
icbults of different operatois 

Cotour Tests 

Many colour tests for particul.ii oils have 
been pio])OMed from timi' to time, hut few of them 
have survived Ncveithelcss a li'vv aie worthy 
of note and aie still rcgulaily used , they arc as 
follows 

G. Halphen’s Test for Cottonseed Oil 
(J. Phaim Vhim 1894, [v], 30, 241 , 1897, fvi], 
6, 391 , seo also Vol Jll, 411r) depends on the 
development of a rich red colour when ( ottonsced 
oil is heated with amyl alcohol and ( arbon disul- 
phide containing a trace of sulphur. This 
reaction is given also by kapok and baobab oils ; 
if the cottonseed oil has been subjected to heat, 
the reactK'ii is k'ssened m propoition to the 
degree and time of heating. Unheated oils give 
the reaction quite strongly even if they form 
onlv'^ 1% of a mixture of cottonseed oil with 
indiilorent oil 

About 2 5 ml of tho oil to be tested is mixed 
in a strong tube with equal volumes of amyl 
alcohol and a 1% solution of sulphur in carbon 
disulphide The tube is closed and tho stopper 
firmly tied down. Tho tube and contents are 
placed in a boiling-water bath for 30 minutes; 
it may bo noted that tubes occasionally explode, 
and duo precautions should be taken in view of 
the extreme inflammability of carbon disulphide. 
Development of the cliaiacteristic colour mdi- 
cates tho presence of cottonseed, kapok, or 
baobab oils ; no attempt to estimate the propor- 
tion of these oils present should be made from 
tho intensity of tho colour for the reasons 
indicated above. 

The Baudouin Test for Sesam6 Oil, 
claimed by J Lewkowitsch ^ to be due to Camoin, 
IS probably tho most satisfactory of the oil 
colour tests It consists in the development of 
a rose -red colour by the action of a mixture of 
concentrated hydrochlonc acid and cane sugar 
on the oil Alternatively a mixture of the acid 
with furfural may be used (V. Villavecchia and 
G. de Fabris, J.S.C.I. ^893, 12, 67 ; 1894, 18, 
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69), but cxperienco has proved that it leads at 
times to positive results in cases where sesame 
oil is absent. The colour-producing substance 
18 strongly resistant to heat and because of this 
and the ease of operation of the test many 
countries, especially on the Continent of Europe, 
have made mandatory the addition of small 
quantities of 8e8am6 oil to margarine Certain 
olive oils grown chiefly in North Africa tend to 
give a slight pink reaction in the test, and this 
may bo dealt with m the manner described 
below. 

The British Standard Test based on the re- 
action (B S No 656, 1936) is as follows : Shake 
2 ml. of the oil with 1 ml of hydrochloric acid 
{p 1*16), containing 1% w/v of sucrose, and allow 
to stand for 5 minutes 

In the case of olive oil which may bo suspec ted 
of containing sesame oil the British Standard 
Test (B.S. No 630, 1935) requires 5 ml. of the 
oil to bo shaken in a flask with 5 ml of a mixtuic 
of 9 vol of alcohol (00%) and 1 vol of ammonium 
hydroxide solution {p 0 88) and heated on a water 
bath until free from alcohol and ammonia. The 
above tost is then carried out on the product. 

A similar rod colour is produced by the action 
of hydrochloric acid alone on fats dyed with 
certain dyestuffs, and may mask completely the 
colour duo to 8osam<S oil in tho above test 
Provision is made for this in tho Danish Regula- 
tions governing tho manufacture of and trade 
in margarine, etc., of May 30, 1925, which pre- 
scribe the following tost. 

Mix 0 5 ml. of tho melted and filtered mar- 
garine fat (which must be freed fiom aniline 
dyes, as below) with 9 5 ml of arachia oil or 
cottonseed oil, which themselves give no red 
colour in tho test. Shako the mixture thoroughly 
for 1 minute in a test tube 18 mm. in diameter 
and about 180 mm long with 10 ml. of fuming 
hydrochloric acid of p 1 19 and with 0 1 ml of 
a 2% alcoholic solution of furfural (2 parts by 
volume mixed with 98 parts of absolute alcohol) ; 
the mixture must have a temperature of 20°c 
When the mixture has stood in tho teat tube for 
15 minutes, the acid layer which settles under 
tho fatty layer must show a rod colour of a tint 
not fainter than that on the colour plate which 
tho Minister of Agriculture has caused to be 
produced. (Tho colour plate in the writer’s 
possession shows a colour corresponding to a 
Lovibond reading of 2 0 rod, 0 8 yellow ) If a 
red colour appears when the fat is shaken with 
hydrochloric acid alone, duo to the presence of 
aniline dyes, the following procedure must be 
adopted 10 ml. of tho fat are shaken for 
30 seconds in a small separating funnel with 
10 ml. of hydrochloric acid, p M25. The red 
layer of hydrochloric acid which collects below 
when the mixture has stood for some time is run 
out, and another 10 ml of hydrochloric acid of 
tho same density are added. The mixture is 
again shaken for 30 seconds If the hydro- 
chloric acid which separates out is still coloured 
rod, the treatment of the fat is repeated in the 
same way until the hydrochloric acid remains 
colourless. No higher temperature must be used 
than IS necessary just to keep the fat melted. 
After complete removal of the hydrochloric acid 
the test IS made in the hianner described above. 


Bieber’s Test for tho adulteration of 
Almond Oil is used in tho oxammation of oils 
suspected of being adulterated with peach-kernel 
or apricot-kemel oils. It is carried out by 
agitating 5 vol of the oil with 1 vol. of a freshly- 
prepared mixture of equal weights of water, sul- 
phuric acid, and fuming nitric acid Pure almond 
oil does not change in colour appreciably, apricot- 
kemel oil gives a pronounced pink colour, 
especially if fresh, and peach -kernel oil gives a 
fainter pink colour. By this means 40-50% of 
apricot kernel may bo detected in admixture 
w ith almond oil, but the test is uncertain for any 
smaller proportion. 

The Liebermann-Storch Test for Rosin 

m oils IS usually made on a specimen of fatty 
acids prepared from the oil. A small quantity 
(up to 0 5 g ) of these is dissolved in acetic an- 
hydride wuth gentle heat and allowed to cool 
Sulphuric acid (p 1 53) is then carefully run on 
to the solution. In the pie&ence of rosin acids a 
fugitive reddish- violet colour is produced 
Almost all fatty acids fail to give any colour in 
the test, but a notable exception is tung oil, and 
it must also bo remembered that cholesterol 
reacts. This fact is made use of in a modifi- 
cation of the Liebermann-Burclicirdt test 
adapted for tho colorimetric determination of 
cholesterol by K. A Williams (unpublished) A 
quantity of material containing up to 0 12 mg 
of cholesterol is dissolved in chloroform and 
made up to 4 ml. therewith. 1 ml. of acetic 
anhydride and 0 1 ml of concentrated sulphuric 
acid are added and the green colour due to 
cholesterol allowed to develop. A 1-em cell 
IS filled with the liquid and a second 1-cm cell 
filled with chloroform and the reagents is used 
as a blank The absorption of light of wave- 
length about 640 m/x. is measured visually or 
photoelectrically, and the weight of cholesterol 
present derived from a standardisation curve. 

A further modification of the test has been 
applied by J. Fi tel son for the detection of 
Tea seed Oil m admixture with olive oil 
(J Assoc Off. Agric Chem. 1936, 19, 493). A 
mixture of 0 8 ml. of acetic anhydride, 1*5 ml. 
of chloroform, and 0 2 ml of sulphuric acid is 
cooled in a test tube to 5°c. Seven diops of tho 
oil, weighing ca 0 228 g , are added by means 
of a tube of 4 mm. external and 2 mm internal 
diameter. The contents of the tube are mixed 
and, if cloudy, acetic anhydride is added drop 
by drop until they clear. The mixture is allowed 
to stand at 5°o. for 5 minutes and 10 ml. of 
anhydrous ether are added and the whole is 
immediately mixed Teaseed oil gives a marked 
red colour within a minute, the colour afterwards 
fading. Olive oils from certain sources give a 
fleeting pink colour and this fact must bo 
allowed for m judging whether such an oil is 
adulterated 

The following modification is suggested by tho 
Olive- oil Committee of the American Oil 
Chemists Society (Oil and Soap, 1941, 18, 187) 
as an improvement Saponify a mixture of 5 g. 
of the oil with 5 g of a colourless mineral oil by 
boiling for 10-15 minutes with 6 ml. of 50% 
potassium hydroxide solution in aliout 30 ml. of 
alcohol. Pour the liquid into a separating 
funnel, add an equal volume of water, shake and 
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allow to separate. Draw off and reject the lower 
soap solution. Wash the oily layer several times 
with water, dry over anhydrous sodium sulphate 
and filter. Use seven drops of the product for the 
Fitelson test as above. (See also W. H. Dickhart, 
Amer J Pharm 1940, 112, 371 ) 

Blue Value. — Cod-liver oils produce a fleet- 
ing blue colour when mixed in chloroform solu- 
tion with a solution of antimony trichloride in 
chloroform and the depth of colour produced is 
related to the amount of vitamin-^ m the oil 
A more pronounced reaction is obtained from 
unsaponifiablo matter produced from the oil than 
from the equivalent weight of the oil itself owing 
to the masking effect of glycerides, etc. There 
IS reason to believe that in one form or another 
the test gives useful information regarding the 
vitamin-^ content of a cod -liver oil, but it has 
nevertheless not received official recognition as a 
method for its determination. A “ blue value ” 
tost was included in the British Pharmacopoeia, 
1932, p. 596, and this was deleted by the Second 
Addendum, 1936, p. 15. A quantitative method 
IS described by J. C. Drummond and T. P 
Hilditch (p. 31), and is essentially the test of 
F. H. Carr and PI A Price (Biochem. .1. 1926, 
20, 497). The blue value is expressed as the 
colour m Lovibond blue units developed in 
30 seconds and measured m a 1-cm cell on 
mixing 2 ml. of the antimony chloride reagent 
(a saturated solution, in anhj^drous chloroform) 
with 0 2 ml. of a 10% solution of the oil in 
chloroform About 1 g of the oil is accurately 
weighed and dissolved in 10 ml of tedistilled 
chloroform, A 0 2 ml portion of this solution 
IS placed in a 1 cm. cell, and 2 rnl. of a 30% 
solution of antimony trichloride in chloroform 
IS added The cell is shaken during the mixing 
and exactly 30 seconds after the addition of the 
antimony chloride was begun the colour is 
matched in a Rosenheim-Schuster tintometer. 
At least four separate estimations on 0 2 ml. are 
made, and then, depending on the chromogenic 
power of the oil, a series of cplour estimations is 
made on greater or lesser concentrations of the 
oil solution. If the colour produced is more 
than 10 blue units in any of these tests the result 
IS rejected. The results are plotted on a graph, 
and the value for a 10% solution is read off if the 
relation established is linear ; otherwise it is 
advisable to separate the non-saponifiable matter 
with precautions against oxidation and carry out 
the test on appropriate dilutions of that material 
The question of errors arising in the test has 
been dealt with by N. Evers (Quart. J. Pharm 
1929, 2, 566 ; v Vol. Ill, 248d, 249a). 

Yellow or Orange Colouring is added to 
many edible fats and to margarine and butter 
It may be noted that in this country the Public 
Health (Preservatives, etc., m Food) Regula- 
tions, 1925, No. 775, prohibited the use of certain 
colouring matters in foods including some 
metallic compounds, gamboge, and five coal-tar 
colours (v, Vol. V, 309a). Methods for testing 
for these colours are given by J. R. Nicholls 
(Analyst, 1927, 52, 585). Generally speaking, 
however, the colours used m fats may be taken 
to be either annatto or azo-dyes. E. R 
Bolton * (p. 329) gives these simple methods for 
their detection. 
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Annatto. — Shake a few grams of the clear 
melted and filtered fat with 6 ml. of warm 10% 
sodium hydroxide solution. Pour on a wet filter 
and keep warm until most of the water has 
passed through. Then pour the melted fat off 
the paper and wash the latter gently with cold 
water. In the presence of annatto, it will be 
stained a reddish -yellow of an mtensity depen- 
dent on the quantity of annatto present. If the 
stain be very slight or indefinite, dry the paper 
and moisten it with 1 drop of a 5% solution of 
citric acid, when a pink colour will develop in 
presence of traces of annatto. 

Azo-dyes. — Place about 2 g of the melted 
and filtered fat in each of two test tubes together 
with 5 ml. of light petroleum to prevent solidifi- 
cation To one test tube add 1 ml of hydro- 
chloric acid (1:3), and to the other 1 ml of 10% 
potassium hydroxide solution , shake the tubes 
thoroughly and allow to stand If an azo-dye 
is present the lower layer in the hydrochloric 
acid tube will be pink, and in the other tube 
colourless. In the case of annatto, the acid 
layer will remain colourless, while the alkaline 
layer, or an intermediate layer lying between 
the fat and alkali, will be coloured bright yellow. 
As mixtures of annatto and azo-dyes are sold 
for colouring purposes, both reactions may 
occur in the same fat. 

If no azo-dyo colour is obtained, as may 
happen with certain dyes, mix 1 ml of the 
melted fat with 1 ml of a mixture of 1 part of 
concentrated sulphuric acid and 4 parts of glacial 
acetic acid, and heat nearly to boiling with 
constant shaking. The acid solution, on settling 
out, will be pink or reddish in the presence of 
azo-dyes, practically no colour being produced 
in their absence 

Polymerisation Tests. 

A number of tests for the purity of tung oil 
have been based on the fact that it polymerises 
when heated to temperatures between 250-300°c 
to a stiff jelly-like mass. C A Browne (Chom 
News, 1906, 106, 14; JSC I 1912, 81, 731) 
places 5 ml of the oil in a tost tube, 16 cm. by 
15 mm , closed by a cork so perforated that a 
glass rod, 3 mm diam., can bo moved up and 
down freely in the tube. A copper beaker, 
12 cm high, 6 cm internal diam , filled with oil 
to a height of 7*5 cm , is heated until the oil 
has a temperature of 293°c. and the tempera- 
ture IS then rising slowly The test tube is then 
introduced into the beaker and fixed with its 
bottom 1 5 cm from the bottom of the beaker 
A thermometer, 30 cm. long and graduated 
from 100® to 400°c. is suspended with its lower 
end 1*5 cm. from the bottom of the beaker; its 
readings are corrected for the exposed stem. 
The time is noted on its introduction and the 
source of heat is removed for about 46 seconds 
and then re-apphed. In less than 2 minutes the 
temperature must have fallen to 282®c. and it 
IS kept constant at that pomt. After 9 minutes, 
the glass rod is raised at mtervals of half a 
minute and the time is noted when the gelatinised 
oil first sets firmly. The American Society for 
Testing Matenals suggested in 1925 a tentative 
upper limit of 12 minutes for this time for pure 
tung oil, • 
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The British Standard for lung oil (B S 
No. 391, 1936) includes a mandatory test on 
similar lines in which a test tube of very similar 
size 18 used in an oil bath, 12 cm by 16 cm high, 
and containing 500 ml. of oil such as soya-bean, 
cottonseed, or medicinal paraffin oil or carnauba 
wax. The test tube is inserted in the oil when 
the latter is at 275-277°c , and is fixed with its 
bottom 1 5 cm from the bottom of the beaker, 
and level with the lower end of the thermometer 
by which the temperature of the bath is mea- 
sured The bath is kept at 276 J l°c. for 12 
minutes, after which a specified rod in the oil is 
raised at 15 second intervals The time is noted 
when the oil becomes so stiff that movement of 
the rod lifts the test tube. In the case of pure 
tiing oil the jelly is required to be firm, non- 
sticky, and capable of being cut cleanly with a 
sharp knife The oil is required to gel within 
1 2 minutes or a period not exceeding that taken 
by an agreed rcferonce sample Experience of 
the test has shown that few pure oils gel within 
12 minutes by this test, and that m order to 
( omply with this requiremr'nt it w'lll be ne(*essary 
for the standard temperature to be raised 

The Worstall Test ( J S C 1 1912, 31, 731) 
specifif's a somewhat similar procedure in which 
tile oil IS hcatocl in a shallow iron dish and 
stirred constantly w'lth a thermometer at 285°c 
until gelation takes place, the time for this to 
occur being noted. E K Bolton and K A. 
Williams (Analyst, 1926, 61, 335, 19.30, 55, 

360, 366) agree with A. C Chapman (\hid 1912, 
37, 543) that the test is unsatisfactory in its 
original form and have proposed the following 
modification About 150 g of the oil, contained 
in a stout aluminium beaker, exactly 3 m in 
diameter and 4 in in height, are heated by a 
Bunsen burner so as to reach a temperature of 
285®u in 4 minutes, the oil being vigorously 
stirred by means of the thcimomet(*r duiing the 
heating A stop watch is started as soon as the 
temperature reaches 285^c and the temperature 
of the oil IS thereafter maintained as nearly as 
jiossible at 285°c , stirring being continued all 
the time The approach of polymerisation is 
first indicated by a thickening of the oil, and 
this IS followed by the setting of the oil to a 
jelly The time is noted when, just prior to 
complete solidilitation, the oil just fails to drop 
from the thermometer if this is raised from the 
bath Genuine tung oils reach this point in 
from 8-8 5 minutes The temperature of the 
oil is maintained above 280°c. for about 1 minute 
after solidification has taken place and the vessel 
and contents are then allowed to cool spontane- 
ously A stem correction must bo applied if a 
long-stemmed thermometer is used, since a 
variation of 3°c. from the standard temperature 
throughout the polymerisation will cause a 
difference of as much as 1 minute m the time of 
polymerisation with some specimens of tung oil 
A genuine tung oil produces a dry, firm gel of 
pale yellow colour and characteristic appearance 
and texture. 

These authors extend this test to provide a 
means of determining the proportions of poly- 
merisable and unpolymerisablo matter in tung 
oil thus. A portion of approximately 2 g is 

taken from the centre* of the polymerised mass 


when cold, cut into pieces and weighed into a 
mortar to which are added about 3 g of dry, fat- 
free sand and 2 ml of light petroleum (b p. 
40-60°c.). After standing for a few minutes the 
mixture in the mortar is ground until the solvent 
has for the most part evaporated, and the sand 
and gel are thoroughly mixed The mixture is 
transferred to an extractor, the moitar being 
well w^ashed into this with light petroleum, and 
extraction being carried out in the usual manner. 
Tung oils are found to give an extract of 28% 
if of the normal commercial quality, with a 
vaiiation not exceeding _1_2% The proportion 
of polymeiisable matter is found by subtracting 
the percentage of extract fioni 100 It is claimed 
that the test will detect adulteration of tung oil 
if 5% of adulterant is present A similar test 
(in which 5 ml. of tung oil are polymerised in a 
test tube immersed m an oil bath maintained at 
290^0 for 20 minutes longer than the time 
required to cause solidification, and an extrac- 
tion is earned out on the lesulting gel) is proposed 
as a subordinate test in B S No 391, 10.36, to 
which leference should be made 

Vitamins 

Vitamins-u4, -Z), and -K occiii in vaiious oils 
and fats and a very consideiable volume of w oik 
has been iiublishecl dealing with then estimation 
Generally speaking the preferred methods in each 
case are biological ones, but in the case of 
vitamin-A lesults of biological testing are 
closely paialleled by those of a spcctrophoto- 
metric method, while in the case of vilamin-7t/ 
chemical tests are still being sought and tested 
The “ blue ” value of cod-liver oils, believed to 
depend on the vitamin-^ content of the oil, has 
not received official recognition in this country 
as a measure of the vitamin content (see p 73a) 

The British Pharmacopceia, 1932, and Ad- 
dcmcla, 1936 and 1940, lay down both a st.indard 
biological test for vitamin- and a standard 
altornativo spectrophotometric test applicable 
to cod-liver oils coming within the scope of the 
Pharmacopoeia , afid similar tests have been 
adopted as British Standards in specifications for 
Controlled Cod-Liver Oil for Animal Feeding 
Purposes (B S No 910, 1940) and Vitamins- A 
and -Z) in Oil for Animal Fc'cding Purposes 
(BS No 909, 1940) The BP, and B.S 
No 910, require 600 International Units of 
vitamin- A to be present in the oils to which 
they refer , B S 909 requires 1,000 units 

Similarly the British Pharmacopoeia, 1932, 
and the Second Addendum, 1940, lay down a 
standard test for the estimation of vitamin- 74 
applicable to oils coming within the scope of tho 
Pharmacopoeia , and a similar test appears in 
tho two British Standards mentioned above 
The B.P., and B S. No 910, require 85 Inter- 
national Units of vitamin -Z> to be present in 
cold-liver oils , B S No 909 reqmres 100 units 

In tho case of tho Biitish Standards there is a 
further requirement that if tho oil under review 
is intended for use in the feeding of poultry it 
must be accompanied by a guarantee that tho 
amount of vitamin- D declared is fully effective 
for poultry when tested by the chick test (B.S. 
No 911) Vitamin- Z) derived from tho cod 
(Gadus morrhua) is considered to be fully effec- 
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tivo in this respect, but if derived from other i 
members of the genus GaduSy this is not neces- 
sarily so. 

For the assay of vitamin--/! and vitamm-D in 
butter, see B. J Morgan (Biochem. J. 1934, 28, 
1178; 1932, 26, 1144) and H E Bechdel and 
C. A. Ilopport (J. Nutrition, 1936, 11, 637) , for 
the assay of vitamin-^ in margarine, see J R. 
Edisbury (Analyst, 1940, 65, 484) , for the assay 
of vitamin- Z> in margaiine, see N. H Gndgo- 
man, H Lees, and H. Wilkinson {ibid 1940, 65, 
493) ; the biological assay of vitamin-i), has 
been reviewed by A. Z. Baker and M. D. 
Wright {ibid. 1940, 65, 326) , for a note on the 
occurrence of vitamin - ^2 certain oils, see 
R T M Haines and J C Drummond (liid 1938, 
63, 338) 

The assay of vitumm-E has been reviewed by 
A. L. Baeharach (Bioehem J 1938, 32, 2017) 
and colour tests are proposed for its estimation 
by A Emmerie and C Engel (Rec. trav chim. 

1938, 57, 1351) and M Furtcr and R E Mayer 
(Helv Chim. Acta, 1930, 32, 240) The possi- 
bility of separating this vitamin by a chiomato- 
graphic process is put forward by A R Moss and 
J C. Drummond (Hioehcm J 1938, 32, 1953) 
and A Emmerie and C Engle (Rec trav chim 

1939, 58, 283). 

R \MCrDIT\ . 

The term “ lancidity ” is used both in the 
general sense of indicating deterioration m 
flavour or specifically to denote the hydrolytic 
changes occurring in fats and arising from 
bacterial and enzymic action. In the latter 
sense it may be contrasted with the term 
“ tallowiness ” indicating oxidation. C. H. 
Lea ® (p. 36), in a comprehensive monograph 
on the subject, classifies the possible causes of 
rancidity under 8e\eral lu'adings ; absorption of 
odours, action of enzymes, action of micio- 
orgamsms and atmospheric oxidation 

The simplest tests for dctciioiation arc based 
on taste and smell, and applied by properly 
chosen tasting panels ha\e proved themselves 
of value ^)iich testing has the disadvantages of 
reqmnng a very considerable degree of skill, of 
being anything but quantitative, and of faihng 
to deal satisfactorily with the early stages of 
spoilage In the case of pronounced rancidity 
the opinion of the senses may be confirmed by 
noting a fall in iodine value and rise in refractive 
index due to oxidation, and usually a use in 
acidity due to hydrolytic changes ; but in most 
cases these chemical changes are of such small 
magnitude as to be valueless for assessing 
rancidity 

The production of a “ perfume ’* rancidity 
in fats containing relauvely high proportions of 
lauric acid and acids of lower molecular weight 
appears first to have been ascribed to the 
formation of ketones by W. N. Stokoe ( J S C I. 
1921, 40, 75t) Such ketones result from the 
action of micro-organisms, particularly moulds, 
and are tested for by the method of K. Taufel 
and H 'Thaler (Chem.-Ztg 1932, 56, 265) 
Between 25 and 30 ml. of water are distilled 
from 160 ml. contained in a 200-ml. glass- 
stopporod distilhng flask fitted with a short con- 
denser and received in a 50-ml. glass-stoppered 
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tube ; 0 4 ml of salicylaldehyde, purified 

through the bisulphite compound, are added 
and the mixture is shaken vigoiously The 
tube is centrifuged and, after settling, all but 
4 ml of the supernatant aqueous liquid is poured 
ofi* The residue is again shaken and 2 ml. of 
concentrated sulphuiic acid are dropped into 
the emulsion The mixture is shaken and then 
allowed to stand The upper layer should not 
bo more than pale yellow or pale pink. 5 to 

10 g of the oil to be tested arc added to the 
remaining w^atcr in the distilling flask b} means 
of a long-stemmed funnel, and 25-30 ml again 
distilled. The distillate is tested with aldehyde 
and acid as bcfoie. In the presence of ketones 
the aldehyde layer is coloured pink to red The 
te.st will detect 1 part of ketone per million of 

011 It has been modified by H Schmalfuss, 
H. Weiner, and A. Gehrke (Marg. Indus 1932, 
25, 215) who allow foi tlie estimation of the red 
colour 111 a tmtometei 

Oxidative Rancidity has been the subject 
of much investigation and many tests have been 
proposed for its detection, most of them being 
quantitative. In cases where oxidation has 
proceeded to a considerable extent, the method 
of W. Fahrion (Chem Umschau Fcdte, 1920, 
16, 158) may boused to determine oxidised fatty 
acids 3 g of the oil or fat are saponified 
in the usual manner, and alcohol is rcmo\cd 
The soap is dissolved in 50-70 ml of hot water 
and transferred to a sc'paratimj funnel Wh(*n 
cooled, 100 ml. of light iiori oleum are added. 
The solution is acidified with hydrochloiu acid, 
shaken, and aUowed to stand overnight. The 
aqueous layer is run off, and the pctioloum solu- 
tion filtered, the insoluble oxidised acids being 
transferred to the filtei There they are washed 
with light petroleum and then dissolved in warm 
alcohol or ether The solution is evaporated and 
the acids dried at not ovei 95°c and weighed 

For the deteimination of water-soluble 
oxidisable impurities, R H Kerr(J. Ind Eng. 
Chem. 1918, 10, 471) has modified the process 
of G Issoglio (Ann all Chim Appl 1916, 1, 18), 
producing a test of great value for estimating 
the relative keeping properties of fats, e8i)ecially 
of edible animal fata, e.g , beef tallows 25 g. 
of the fat are heated with 100 ml of dis- 
tilled water at lOO'^c. for 2 hours with constant 
shaking The aqueous portion is separated by 
filtration through a wet filter paper and the 
filtrate made up to 100 ml with water. 10 ml. 
of the filtrate are boiled for 6 minutes with 50 ml. 
of 0 OIn. potassium permanganate solution , 
the contents of the flask are cooled, 10 ml. of 
sulphuric acid (16) and 60 ml of 0 OIn oxalic 
acid are added, and the solution is heated and 
titrated with 0 OIn permanganate solution. 
The oxidisability value is the number of milli- 
grams of oxygen required to oxidise the water- 
soluble matter from 100 g of the fat The test, 
which determines mainly the strongly odorous 
lower aldehydes, has been further commented on 
by L H. Lampitt and N. D. Sylvester (Biochem. 
J. 1936, 30, 2237) 

The Kreis Reaction, depending on the for- 
mation of a red colour when a rancid fat is 
shaken with hydrochloric acid and an ethereal 
solution of phlorogluciflol, is due to the presence 
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of an acotal of opihydrinaldehydo Both this 
test and that due to Schiff (the general reaction 
for aldehydes) are described fully by C II J^a 
(Rancidity in Edible Fats, Food Investigation 
Special Report No 46, pp. 98, 102) 

The most important test for oxidative 
rancidity, the estimation of Peroxide Oxygen, 
has been proposed in many forms It is usually 
applied in the simplified form of C H. Lea® 
(p. 109). 1 g of the oil or fat is weighed 

into a Pyrex tost tube, approximately 1 g 
of powdered potassium iodide and 20 ml of 
glacial acetic acid-carbon tetrachloride mixture 
(2.1 by volume) added, and the liquid heated to 
boihng over a small flame impinging on the 
bottom of the tube. Boiling is continued for 
30 seconds, and the tube is cooled under the 
tap The contents are poured into 30 ml of 
water and titrated with 0 002n sodium thio- 
sulphate, starch solution being used as indu ator 
The titration should bo corrected by the result 
of a blank test. The number of millilitie^ of 
O 002n. thiosulphate thus obtained represents 
the number of millimoles (2 milliequivalents) of 
peroxide per kilogram of fat 

Such teats as have been described indicate in 
general only the state of rancidity prevailing 
m the fat at the time of testing ; though it is 
true that deductions as to the probable useful 
life of the fat may be made in some instances if 
the source of the fat is known and its general 
behaviour has been studied. Since such deduc- 
tions may bo misleading, various tests have been 
devised to obtain definite information These 
tests are based on induced oxidation. By 
exposure of the fat to temperatures of from 
40-100°o in an atmosphere of oxygen, oi by the 
action of bght, or by catalysis by traces of 
metallic salts, the development of rancidity is 
reduced from months to hours In all such 
methods extremely careful control of the con- 
ditions of oxidation is obviously necessary. For 
details of typical methods reference may be 
made to papers by D H. Wheeler (Oil and Soap, 
1932, 9 , 89), A E King, H L Roschen, and 
W. H. Irwin {ibid 1933, 10, 105), L H. Lainpitt, 
N. D. Sylvester, and P. Bilham (Biochem. J. 
1935, 29 , 1167), and the American Oil Chemists 
Society (Oil and Soap, 1935, 12 , 187). 

Mackey Test. — A further example of the 
use of induced oxidation for the assessment of 
the value of an oil occurs in the use of the 
Mackey test, or its modifications, for estimating 
the liability of cloth oils such as olive oil to heat 
spontaneously when spread on textile fibres 
Fibres such as wool when oiled with semi- 
drymg or drying oils almost invariably heat on 
storage and the risk of fire would be considerable 
if they were used commercially. Restrictions 
are therefore applied by Fire Insurance Com- 
panies to the types of oil to bo used. 

The original apparatus of Mackey and its 
method of use are described by J. Lewkowitsch 
and G. Warburton^ (p. 105). The apparatus con- 
sists essentially of an air bath provided with a 
hd, through which pass two tubes for the purpose 
of inducing a current of air to circulate in the 
bath, and surrounded by a water jacket. A wire- 
gauze cylinder rests in the air bath and in this 
IS placed a light roll of cotton wool oiled with 
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the oil under test. The water in the jacket is 
boiled throughout the test, and the temperature 
of the oiled wool in the cylinder is noted at 
intervals. An oil is regarded as dangerous if its 
temperature rises over 100°c in 1 hour and very 
dangerous if 200Y:;. is reached in IJ hours 
7 g of cotton wool is used in the test and this 
IS oiled with 14 g. of oil, care being taken that 
the oil IS thoroughly and evenly distributed 
over the wool. The Fiio Offices Committee of 
65 Wat ling Street, London, now specifies the 
use of the Firth modification of the Mackey 
Tester in which a bettei air circulation is secured 
than in the original tester, and prescribes more 
precise directions for its operation Similarly, 
W. Garner and W Leach (Analyst, 1936, 61, 337) 
suggested an improved tcchiiKpie for the original 
tester W Gainer (dnd 1936, 61, 519) deals 
with the effect of traces of catalysts, including 
iron soaps, whi(‘h accclciate the heating of oh\e 
oils in the test, and W Gamer and M Elsworth 
(ihid 1940, 65, 347) have investigated the rela- 
tion of the lesiilts of flic Mackey test and the 
rate of accumul.ition of pei oxides in the oil. 

Rosin 

Rosin is found in admixture with fatty matter, 
usually in soaps. Jt may be determined by the 
Twitchell method dosciibed by E R Bolton® 
(p 70) in wdnch the fatty acids and rosin are 
submitted to the action of hydrogen chloride in 
alcoholic solution, when the fatty acids estenfy 
and the rosin remains unesteiified and is subse- 
quently titrated wuth standard alkali The 
more usual method, liowever, is now that of 
McNichol (J.SCI 1921, 40, ]24t), which has 
been stanclaidised by the Analytical lyiethods 
Committee of the Society of Public Analysts, 
etc (Analyst, 1937, 62, 868) and is conducted 
by separating the total fatty matter from about 
5 g of soap by dissolving m hot water, acidifying 
with dilute sulphuric acid, cooling, and washing 
the cake of fatty matter wuth w\ater until the 
acpieous w'ashings are free from acidity, or by 
extracting the fatty matter with ether from 
acid solution 2 g of the fatty matter are 
weighed into a 150 ml flask, dissolved in 20 ml 
of a solution of 40 g. of naphthalene-2-sulphonic 
acid in 1 1. of pure dry methyl alcohol, and the 
mixture is boiled gently under a reflux condenser 
for 30 minutes, small pieces of pot being added to 
ensure regular ebulhtion A blank test is carried 
out at the same time with 20 ml of the reagent 
alone. The contents of the two flasks are cooled 
and titrated with 0*2n. alcoholic potassium 
hydroxide solution, using 0 5 ml. of O 5% 
alcoholic phenolphthalem as indicator. The 
resin acids are calculated as a percentage of the 
total fatty matter on the assumption that 1 ml. 
of the alkah solution is equivalent to 0 0652 g. 
of resin acids, and 1% is subtracted from the 
result so obtained. It may be assumed that 
rosin contains 92% of resin acids. 

PHYSICAL TESTS. 

Melting-point. 

Fats, being complex mixtures of glycerides, 
have no sharp melting-points but melt gradually 
over a range of temperature varying in extent 
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from fat to fat. Even pure solid triglycerides, 
such as tnstearin, exist in four different crystal- 
Ime forms each having different melting cha- 
racteristics. It IS therefore not surprising that 
many tests have been proposed for the deter- 
mination of various points at which molting 
reaches some delinito stage. For example, in 
Pohl’s method a thin film of melted fat is foi med 
on the bulb of a thermometer and allowed to 
solidify ; after a day or two the thermometer is 
fixed centrally in a test tube with its bulb near 
the bottom, and the tube is gently warmed until 
a drop of hquid oil forms , the temperature at 
which this occurs being taken as the melting- 
point. An improvement of this method, duo to 
L. Ubbelohde (Z. angow Chem 1905, 18, 1220), 
forms British Standard No 894, 1940 ; in this, 
a small amount of the fat, set under agiecd con- 
ditions, IS filled into a glass cup having an orifice 
in its bottom and of specified dimensjons, and the 
cup IS attached to the lower end of a thermo- 
meter so that the bulb of the latter is disposed 
centrally in the fat. The thermometer and cup 
are suspended in a boiling tube, whieh in turn 
IS clamped in a beaker filled with water. The 
beaker is heated and stiiiod so that the tempera- 
ture of the fat rises l°c per minute ami the 
flow and drop points are rccoided, the former 
being the temperatuie at which the fat foims an 
approximately hemispherical piotuberanee at 
the orifice of the cup, and the latter that at which 
the first drop falls from it. 

A similar method, foi use with hydnoearpusoil, 
lard, soft paraffin, and wool fat is given in the 
British Pharmacopoeia, 1932, p 528 

More commonly used is the method of Le 
Sueur and Orossloy (J S C.I. 1898, 17, 988) or 
one of its modifications in which a short length 
of melted fat is introduced into a capillary tube 
of 0 75-1 mm inteinal diameter and 75 mm 
long, having thin walls. The tube is fastened 
to a thermometer by means of rubber bands and 
suspended in a beaker of water which is heated 
gradually In the original test the point at 
which the fat is seen to use m the capillary was 
taken as the melting-point Later both the 
temperature at whuh a meniscus of liqmd fat 
(incipient point) and that at which the fat fiist 
appeared completely melted (complete point) 
were recorded instead. A more precise and 
satisfactory form of the test is given by S H 
Bhchfcldt and T. Thornley (Analyst, 1921, 46, 
180), the chief improvement being the use of a 
definite hydrostatic pressure applied to the 
capillary thread of fat. 

Notable discrepancies occur between the 
results of observers using the capillary tube 
method, especially in the judgment of the 
incipient melting-point, and to overcome these 
K. A. Wilhams has devised (ibid, 1941, 66, 3) a 
method in which incipient and complete points 
are measured photoelectrically. 

The fact that molting of a fat begins at tem- 
peratures considerably below the point at which 
it first becomes visible was established by K. A. 
Wilhams (lx.) who has investigated the change 
of density occurrmg as the temperature of the 
fat IS gradually raised. In this method the 
density is calculated from the apparent weight 
of about 5 g. of the fat contained in a small glass 
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bell suspended from the arm of a balance and 
immersed in a beaker of water. The densities 
obtained aio claimed to be accurate to within 
0 0002 units, and it is shown that for a given fat 
the rate of change of density per unit rise in 
temperatuie is steady and small up to a tem- 
perature taken to indicate the start of melting ; 
it then changes abruptly to a much higher, but 
still steady, rate which persists until molting is 
complcto, and then changes again abiuptly to a 
third steady rate, also small 

The first and third rates represent the density 
change per l°for solid and liquid fat, respectively, 
the intermediate rate that for the fat while it is 
actually melting Plotting of densities against 
temperature leads to reproducible melting- 
points, and it IS suggested that the rate of change 
of density during melting — which varies con- 
siderably for different fats — may prove to bo an 
analytical constant of value in characterising 
fats 

I'he dilatation of fats on melting is also used 
as a criterion of their suitabihty for blending in 
maigarine fats, volumetric methods for the 
study of this factor are given by W. Norman 
(Chem Umschau Fette, 1931, 88, 17) and 
Kai Ilofgaard (Dilatometiiske Fedtstof-Under- 
80gelser, 1938). 

SoLiDiFviNo Point and Titre Test. 

When melted fats are allowed to cool spon- 
taneously, their temperature first falls to a 
minimum value and then rises somewhat during 
a period wdien solid material separates and latent 
heat 18 released A maximum temperature is 
leached at a point where radiation effects 
balance the diminishing evolution of latent heat, 
and after this the temperature once again falls. 
The highest temperature reached during the 
second stage of the cooling is known as the 
solidifying point of the fat It is usually deter- 
mined by placing 25-30 ml. of the melted fat m 
a beaker or tube about 1^ in. in diameter and 3-5 
in deep in which a thermometer is supported by 
a cork with its bulb immersed in the hquid ; as 
soon as a tendency to solidify is shown by the 
spontaneous cooling of the fat the tube or beaker 
is supported by means of a cork in a wide- 
mouthed bottle in such a way that it is sur- 
rounded by an msulatmg layer of air at room 
temperature. The fat is then stirred gently 
with the thermometer, care being taken that the 
latter docs not touch the sides of the tube. 
The temperature is observed, and the highest 
point to which it rises is noted as the sohdifying 
point. With some fats the rise in temperature 
18 large and definite, with others it may be small, 
or the thermometer may remain stationary for a 
short time without any rise being apparent ; in 
such cases the stationary temperature is taken 
as the solidifying point. 

A corresponding sequence of temperature 
changes is shown by fatty acids on sohdifi cation. 
Hero the rise is usually shght, but it is also very 
definitely marked; the highest pomt reached 
IS known as the Titre Point. It is generally 
obtained by Dahean’s method, similar to that 
described above, but using a more standardised 
procedure. The method is given by E. R. 
Bolton^ (p. 23) thm. 60 g. of the fat are 
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placed m a 300 ml flask with about 15 g of 
stick sodium hydroxide and 100 ml. of 95% 
alcohol. The flask is connected to a reflux con- 
denser and heated in a boiling w ater bath with 
constant shaking until saponification is com- 
plete The alcohol is rapidly boiled ofiT and the 
soap dissolved m not less than 500 ml of hot 
water. To the hot solution are added 1 or 2 
drops of Methyl Orange and somewhat more 
hydrochloric acid than is required to render 
the solution permanently pink. The vessel is 
kept in boiling water until the layer of fatty 
acids becomes quite clear. The water is 
siphoned off as completely as possible, and the 
residual fatty acids are filtered through dry, soft 
paper until a bright, clear filtrate results. Their 
solidifying point is determined m a tube, 
li X 5 in , supported in a bottle 10 cm. wide 
and 13 cm. high, by means of a cork, and so 
fixed that the whole of the fatty acids are 
within the bottle. A thermometer, with mer- 
cury bulb 3 cm. long and 6 mm. wide, is inserted 
centrally in the fatty acids Immediately 
crystals form at the sides and base of the tube 
the mass is stirred with the thermometer, three 
times from right to left and then three times in 
the central y direction, and then continuously and 
rapidly with a circular motion, avoiding contact 
with the sides and care being taken to incor- 
porate the sohdified fatty acids as they separate, 
until the whole mass is uniformly turbid The 
mercuiy is then watched until it rises shaiply, 
when the maximum temperature is carefully 
noted. Duplicate determinations should not 
diffei by moie than 0 Fc. It is essential that the 
fatty acids should bo perfectly dry if satis- 
factoiy results are to bo obtained. The test is 
chiefly used in evaluating tallo^vs, and other 
fats mtondiHl for soap- making 

For assessing the properties of fats intended 
for use in chocolate confectionoiy the method 
given above lor the detei mination of the 
solidifying point has been extended to give 
additional information, notably by JM. Pichard j 
(Ann. Falsif. 1923, 16, 197) and by H. K. | 
Jensen (p 172) In the standard test 
devised by Jensen are noted the “ standard 
time,” fiom the typical working temperature of i 
3Fc. to the solidifying point, the “ crystal jsa- 1 
tion time,” from the minimum to the sohdifying 
pomt, the “ supercooling limit,” the tempera- 
ture at which crystals first become apparent, 
and the “ supercooling index,” the difference 
between the solidifying point and the super- 
cooling limit. For details of the practical use 
of these figures the original work of Jensen 
should be consulted. 

Specific Gravity and Determination 
OF THE Weight of Oil in Bulk 
The specific gravity and density of each type 
of oil or fat he within a narrow lange if deter- 
mmed at a given temperature, and these figures 
are therefore of diagnostic value m the con- 
sideration of the quahty or purity of the 
material. Precise determinations of specific 
gravity and of apparent density are also used m 
assessing the w’eight of oil m bulk shipments or 
stored m large tanks by calculation from the 
mcasuied volume of the^oil. 
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The determination is made in all cases by 
means of the ordinary specific-gravity bottle 
with capillary bored stopper In general a 25 -g 
bottle IS used, and its capacity in millilitres at 
15 5°c should bo determined with the greatest 
possible accuracy. For oils that are completely 
liquid at the tompeiaturo of determination the 
bottle IS filled with oil at a temperature slightly 
below the standard temperature (15 5°c.), its 
stopper is inserted, and the filled bottle is im- 
mersed in a water bath kept at the standard 
temperature until all expansion has ceased 
Excess of oil 18 removed from the stopper, th(‘ 
bottle is removed from the bath and carefully 
cleaned and dried, and it is then weighed witli 
the usual precautions. The specific gravity of 
the oil at 15*5°c. is then obtained by dividing 
the w^eight of oil observed by the weight of 
water held by the bottle under the same con- 
ditions. The density of the oil is obtained by 
dividing the weight of oil by the volume of the 
bottle in millilitre> at 15 5°c. Details of the 
calculations necessary for the standardisation of 
specific gravity bottles are given by E. R 
Bolton ^ (p. 32) and in British .Standard No. 733, 
1937. 

In many cases a so-called liquid oil will con- 
tain a deposit of solid steal me at the temperature 
at which a specific gravity determination is to 
be made, and the same oil, after melting and 
mixing at a higher temperature, can be brought 
back to the temperature of determmation still 
in a completely liquid state, remammg com- 
pletely liqmd at this temperature for a con- 
siderable time. 

Solid stearine is much denser than the same 
stcarme dissolved and in a molted condition at 
the same temperature , it therefore follows that 
lhi‘ specific gravity and density of an oil which 
can deposit stearine will vary w ith the amount of 
stearine that has been deposited at the time 
when the determination is made The followmg 
figures are given by E. R. Bolton and K. A. 
Williams (Analyst, 1935, 60 , 158) to illustrate 
this : Specific gravity of a palm oil at 32*5°o./ 
15 5°c , oil liquid, 0 9006 , some stearine pre- 
sent, 0 9025 ; somi-sohd, 0 9050 , sohd, 0 9084. 

It wiU thus be seen that in determining 
specific gravity or apparent density for the 
purpose of obtammg the weight of a bulk of oil 
both the temperature at which the volume of 
the oil IS measured and the physical condition 
must be known. Then the appropriate con- 
! ditions can be simulated in the determination 
and a satisfactory figure arrived at. The factors 
required for converting to weights of oil are dis- 
cussed by E. R. Bolton ® (p. 33), A. Torisawa 
(p. 47), and m British Standards Nos. 718, 1936 ; 
733, 1937. They depend on the units in which 
the weights are to be expressed. 

In Great Britain, the required weight being in 
tons, the factor is based on the statutory relation 
between gallons and pounds, and for practical 
purposes is the specific gravity, or ratio between 
the weight m air of a given volume of the oil 
and the weight in air of the same volume of 
water, the weight of oil being obtained at the 
sampling temperature and that of the water at 
15*6°c. In Europe, where the weight is required 
in kilograms, the factor required is an “ apparent’ ’ 
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density — the weight in air of 1 1 of the oil 
measured at the appropriate temperature In 
this case the reference water standaid is 
obviously the weight iw lacuo of a standaid 
\olume of water mcasuied at 4*^c 

Little use is made analytically of the specific 
giavity of solid fats except in the case of 
“ plasticised ” fats, that is to say, fats which 
have been “ creamed ” by the incoiporation of 
minute air-bubbles Heie the determination is 
of value in assessing the increase in volume duo 
to the plasticising process The most satis- 
factory and direct method to adopt for all solid 
fats IS that of flotation in diluted aqueous alcohol 
mixtures of known specific gravity, the specific 
gravity of the sample being taken as equal to 
that of the spirit in which it just floats at all 
levels without showing tendency to use or sink 

A general method for dealing with both solid 
and fully or partially melted fats is given by 
K. A. Williams (Analyst, 1941, 66, 4) 

Refractive Index. 

The refractive index of an oil oi fat depends 
on its molecular stiucture; molecular weight, 
degree of unsaturation, tcmpeiature, and the 
presence oi absence of hydroxy-acids, con- 
jugated bonds and free fatty-acids all contiibute 
to the magnitude of its value It can be dctei- 
mined with ease and rapidity and aflords in 
many cases a simple and rebable method for the 
lapid SOI ting of fats suspected of adulteration 

In the past the lefractomcter of Amagat and 
Jeans was much used for the test, but it has 
been superseded by instruments of the Abbe 
type, the moat commonly used of these being the 
butyro -ref rac tome tci and the Abbe instrument 
itself. In use both instruments are kept at a 
constant temperature, usually 40^, 25°, or 2()°(’ , 
by maintaining a constant flow of suitably 
warmed water thiough the jaikets sutiounding 
the prisms, and the refractive- index determina- 
tion IS made on a few chops of the liquid sample 
placed between the prisms. Collections may 
bo made to the observed figuics if determined 
at tcmpeiaturcs diffeiing slightly fiom a 
standard temperatuic, to ariive at data foi this 
temperature, by means of the factois, 0 55 pei 
°c. in the case of the butyro-refractometci and 
0 00037 per °c. in the case of the Abbe instill- 
ment, in each case the correction is added to 
the observed result if the temperature of obser- 
vation IS higher than, the standard temperatuic, 
and it IS to be subti acted if the tempciaturo of 
observation is low'or. 

Tables for the conveision of butyio-refiacto- 
meter readings to true lefractive indices are 
given by E. R. Bolton ^ (p. 28) and by R. Kan- 
thack and J. N. Goldsmith ^3 (p 294). 

The dispersive power of oils may be measured 
by means of the Abbe instrument with the aid 
of tables supplied with the instrument It is of 
greatest use in the assessment of the quality 
of tung oils, these giving a value much higher 
than that of the chief adulterants. 

Viscosity. 

The viscosity of an oil is a function of more 
value in assessing its properties as a lubricant 
than for analytical purposes, and for this leason 
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the test IS rarely carried out on oils other than 
rape and castor oils The methods used include 
the common ones of the Redwood, Say bolt, and 
Engler viscometers, tube viscometcis of the 
Ostwald type, and falling-sphere instiuments. 
The last two types have been standardised in 
England and aic fully described in British 
Standard No. 188, 1937, revised 1940 (cf 
Lubrication and Lubricants, Vol Vll, 385d- 
395fl). 

Smoke, Flash, and Fire Points 

The flash and file points of fatty oils are 
determined by means of the Pensky-]\Iaiten 
apparatus m England and the Cleveland ap- 
paiatiis in the C.S A. Details aie given in the 
Standaid Methods for Testing Peti oleum and its 
Piodiicts, fith ed , of the Institute of Petroleum, 
pp. 116-129, and a report of the American 
Chemical Society^ Committee on the analysis of 
oils and fats (Ind. Eng. Chem [Anal ], 1940, 
12, 379-384) This latter rcpoit also deals 
with the detcinnnation of the smoke point (the 
tempeiatuie at which a thin bluish smoke is 
continuously given oft when the oil is heated 
under specified conditions) 

Measurement of Colour. 

The depth and shade of colour exhibited by 
fatty oils has become of great importance in 
v’^icw of the modern demand for icfined oils 
which are bright in appearance and pale in 
colour, and various requirements are laid down 
commercially for upper limits in paiticulai 
cases. In most cases the colour is measured on 
the Lo VI bond scale through depths of 1 in., 
40 mm., 2 in., oi 5 25 in. and is recorded in terms 
of red and yellow Lovibond units. The method 
has the advantage that with but little experience 
a colour can bo visualised from its constituent 
figures, but it is open to the criticism that it is a 
subjective determination, so that a considerable 
degree of divergence may be apparent between 
the results of diffucnt workers on the same 
sample The photoelectric method put forward 
by E R. Bolton and K A Williams (Analyst, 
1935, 60, 447) is claimed to overcome this, th(‘ 
method gives results in terms of percentages of 
light of vaiious wave-lengths absorbed by a 
chosen depth of oil, the usual wave-bands used 
being m the led, green, and blue. Methods an* 
under investigation by a sub-committce of the 
Biitish Section of the International Society of 
Leather Trades Chemists for the conversion of 
Bolton and Williams data into terms of red, 
yellow, and neutral units , a preliminary report 
appears in J. Int. Soc. Leather Trades’ Chem. 
1942, 26, 167. 

Fluorescence Analysis. 

An account of the application of fluorescent 
methods in the analysis of oils and fats is given 
by J. A. Radley (Food Manufacture, 1944, 19, 
23), who indicates that examination of the 
material under ultra-violet light can in some 
circumstances give useful information regarding 
the state of purity or the past history. In 
general, expressed crude vegetable oils give a 
yellow fluorescence, though that of soya- bean 
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oil IS a dark red. On the other hand solvent- 
extracted oils and oils that have been heated to 
high temperatures show blue fluorescences. The 
fluorescence of expressed oils changes to blue on 
long exposure to air. 

T. T. Cocking and S K Crews (Quart. Journ 
Pharm. 1934, 7, 531) recommend the treatment 
of ohve oils, suspected of being adulterated, with 
decolourising charcoal, filtering, and examining 
under the lamp They claim that genuine oils 
then appear a faint blue, but if more than 5% 
of an adulterant is present a strong blue fluores- 
cence IS shown. 

It should be home in mind that the results 
of fluorescence tests are not always conclusive, 
and attention may be drawn to a note by E R. 
Bolton (Analyst, 1930, 55, 740). 
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K. A. W. 

OITICICA OIL. A drying oil ob- 
tained in 60% yield from the seeds of Licama 
rigida Benth , a large tree occurring in Brazil 
which takes many years to come into full bear- 
ing. The oil, p 0-967-0*968, 1*504, iodine 

no. 123-145, saponification value 186-190, free 
fatty acids as oleic 1-3%, unsaponifiable matter 
0 5-1 0% (Bull. Imp. Inst. 1923, 21, 641 ; 1929,. 
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27, 277) consists of mixed triglycerides of 11% 
saturated acids, 16% oleic and Imoleio acids, the 
remainder being mainly a-hcanic acid (4-keto- 
^-9’11'13-octadecatrienoio acid (Brown and 
Farmer, J.C S. 1935, 1632), together with a 
small amount of a-elsDosteario acid. Oiticica 
oil comes on the market as a semi-solid fat or, 
heat treated, as a permanent od. The oil, which 
absorbs oxygen readily from the air, is a sub- 
stitute for or supplement to tung oil in paints 
and varmshes, but is to some extent unsatis- 
factory owing to the film having a lower resist- 
ance to moisture (Kappelmeier, Verfkroniek, 
1936, 8, 279). Phenolic resins body more rapidly 
with the oil than with tung oil and are said to 
be more durable (Gardner, Amer. Pamt J., 
1935, 20, 48). 

M. L. M. 

OKRA (Gumbaut or Gumbo). The fruit of 
Hihiscua sesculentua L. (also classified as 
Abelmoachua eaculentua Moench.). The mucila- 
genous tissue of the pericarp is edible. The pods 
are usually collected when young and tender 
(about 4 in. long). Individual seeds are 
roundish, in. in diameter, and black when 
mature. The green fruit is used as a vegetable 
for soups, etc., in which it also serves as a 
“ thickening ” agent. In America it is con- 
served by canning. Typical percentage analyses 
of the fruit and mature pods are ; 
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0 09 
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1 Atwater and Bryant, U.S. Dept. Agric. Off Exp. 
Sta. Bull. 1906, No. 28. 

2 N Zega, Chem. Zeit 1900, 24, 871. 

3 McElroy and Bigelow, TJ.S. Dopt. Agric, Div. 
Chem. BuU. 1893, No 13. 

The mineral constituents of the fruit include: 
KgO, 0-042; NagO, 0-68; CaO, 0-10; MgO, 
0 016; P205,0 043; SO3, 0-034; 8102,0-06% 
of the fresh mateiial. According to Remington 
and Shiver (J. Assoc. Off. Agric. Chem. 1930, 
13, 129) the fresh fruit also contains : Fe 101, 
Mn 48-3, Cu 9-4 mg. per kg. 

The ripened seed contains approximately 15% 
of an od which, as reported by Jamieson and 
Baughman (J. Amer. Chem. Soc. 1920, 42, 166), 
has the following characteristics ; 0-9172, 

7^25 1.4702, saponification value 196-2, iodine 
value 96-2, Reichert-Meissl value 0-26, Polenske 
value 0-23, acetyl value 21, acid value 1-4, 
saturated acids 29-2%, unsaturated acids 
67*33%, insoluble acids 96-2%, soluble acids 
0-14%, unsapomfiable matter 0*37%. The 
probable composition of the oil is given as : 

%. 

Glycerides of arachidic acid . . . 0 06 

Glycerides of stearic acid 2*76 

Glycerides of palmitic acid . 27 23 

Glycerides of oleic acid 43 74 

Glycerides of linoloic acid . . . . 26 62 

VoL. IX.-~6 


Recorded data for vitamin contents includer: 
vitamin- A in cooked young pods 2,380 Inter- 
national units per 100 g. (L. E. Booher and R. L. 
Marsh, U.S. Dept. Agric. Tech. Bull. 1941, No. 
802), vitamin-B in fresh fruit, 126 fxg, per 100 g. 
(L. E. Booher and E. R. Hartzler, tbtd, 1939, 
No. 707) and vitamin-(7 14-7 mg. per 100 g. of 
fresh fruit (R. C. Burrell and V. R. Ebright, 
J. Chem. Educ. 1940,17, 180). Further investi- 
gations by M. E. HoUinger and D. Colvin (Food 
Res. 1945, 10, 256) show that small (2-6-3-0 in.) 
immature pods may contain 42 mg. of vitamin- 
C per 100 g. fresh weight, the value decreasing 
progressively with further growth to 16 mg. in 
mature (10 in.) pods. There is a loss of ascorbic 
acid during storage of pods (restricted by low 
temperature) and also during cooking, pressure 
cooking causing the least loss. 

A. G. Po. 

OLD FUST I C is the wood of the Chlorophora 
tinctona Gaudich, formerly called Morua 
txnctona Linn., a tree belonging to the family 
UrticacesBy found m North, &ntral, and South 
America, Cuba, Jamaica, etc. The best quahties 
of old fustic come from Cuba. 

Two colouring matters, morin and maclurin, 
have been isolated from the wood, and these are 
separated by treating a boihng extract of the 
rasped wood with lead acetate solution, which 
precipitates morin as its yellow lead compound, 
the main bulk of the maclurin remaining in 
solution. The crude morin obtained by decom- 
posing the lead salt is crystallised from dilute 
alcohol and then contains only a trace of 
maclurin, from which it can be freed by dissolving 
in acetic acid and adding a httle hydrochloric 
acid whereby morin only is precipitated as 
halogen salt (Bablich and Perkin, J.C.S. 1896, 
69, 792). 

Morin, C15H1QO7, pale yellow needles, m.p. 
286-288° after sintering at 281°, is readily 
soluble in boiling alcohol and dissolves in 
alkahne solutions with a yellow colour. An 
ohve-green coloration is produced with ferric 
chloride. Cold acetic anhydride converts the 
monopotassium salt into tetra-acetylmorm, colour- 
less prismatic needles, m.p. 142-146°; this on 
further acetylation gives an amorphous com- 
pound, and a crystalline penta-acetyl derivative 
has not yet been prepared. On the other hand, 
ietrabromomonn, m.p. 268°, forms a penta-acetyl 
derivative, m.p. 192-194° (Benedikt and 
Hazura, Monatsh. 1884, 5, 667 ; Babhch and 
Perkin, I c.), and tetrabromomonn ethyl ether , 
m.p. 166°, affords teira-acetyltetrabromomonn 
ethyl ether, m.p. 116-120° (Herzig, ibid, 1897, 
18, 700). 

When morin tetramethyl ether is hydrolysed 
with alcoholic potassium hydroxide, j8-resorcyhc 
acid and phloroglucinol monomethyl ether are 
produced. Morm is, therefore, 6:7:2':4'-tetra- 
hydroxyflavonol (I) (Bablich and Perkin, l.c.), 
and this structure was confirmed by synthesis 
(von Kostanecki, Lampe, and Tambor, Ber. 
1906, 89, 626). Phloracetophenone dimethyl 
ether was condensed with 2:4-dimethoxybenz- 
aldehyde and the resulting chalkone converted 
into the corresponding flavanone, the tsonitroso 
derivative of which yielded morin 7;2':4'-tri- 
methyl ether on hydrolysis, and from this morin 
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was obtained by demethylation. Robinson and 
Venkataraman (J.C.S. 1929, 61) synthesised 
morm by 2 4-dimethoxybenzoylation of co- 
methoxyphloracetophenone followed by hydro- 
lysis and demethylation of the product. 



conjunction with aluminium and tin possess only 
a moderate degree of fastness with respect to 
light Fustic is chiefly einplo^^ed in wool dyeing 
wuth potassium dichromato as the mordant, 
mainly in conjunction with logwood, alizarin, 
etc., foi the production of compound shades, 
olive, brown, drab, etc , and as a bottom for 
black 

K J C 

OLEFINS. These substances are hydro- 
carbons which contain 2, 4, 6, etc , atoms of 
hydrogen less than the coiicsponding paraflins, 
accoiding as they belong (respectively) to the 
mono-, di-, and poly-oleflnic sub-groups 


Morin 3 2' ‘i'-trimethyl ether, pale stiaw- 
coloured prismatic needles, m p 132° (Robinson 
and Venkataraman, I c ), monn 3 7 2' 4'-^c/m- 
methyl ether, yellow needles, m.p. 131-132° 
(Babich and Perkin, I c ), and monn 3 7.2' 4'- 
tetraethyl ether, yellow needles, m p 1 26-1 28° 
(Perkin and Phipps, ibid, 1904, 85, 61) are also 
described 

Monn pentamethyL efhet, m p 154-157° 
(Herzig and Hofmann, Ber 1909, 42, 155 , 
Perkin and Watson, J C 8 1915, 107, 207) is 
hydrolysed by boiling alcoholic potassium 
hydroxide into methoxyflsetol dimethyl ether 
(2-hydr()xy-co 4 (btnmethoxyacetophenone) and 
j8-resorcylic acid Nitro- and amino'morin 
pentamethyl ether melt at 223-225° and 204- 
205°, respectively 

Monn forms oxonium salts with mineral acids 
(Perkin and Pate, ibid 1895, 67, 649) ; of these, 
the sulphuric acid compound, Ci 5 Hio 07 ,SO<j, 
known as anhydromoiin sulphate, is abnoimal, 
and according to Robinson and Venkataraman 
(/ c ) is probably represented by formula (11). 


HO, 




HO 


11 



Mono-olefins, C/iHgM 
The mono-olefins or ethylenes all cont<iin 2 
atoms of hydiogen less than paiathns of the 
same number of caibon atoms The deficiency 
in hydrogen, w'hicli is regarded as rendering the 
members of the gioup unsatiuated, affects a pair 
of adjacent carbon atoms m each molecule, and 
IS rcpiesentcd in foimiihe by a double bond 
between the two atoms, and in chemical nomen- 
clature by the teiminafion ~ene All members 
of the homologous group which contain more 
than 3 carbon atoms can display three types of 
isomerism, viz. (1) paraffinic isomerism duo to 
the branching capacity of the carbon chain, 
(2) double-bond isomeiism due to the number of 
different positions in the chain which the double 
bond may occupy, and (3) Ci6f-frawi9-isomeriHm 
arising fiom alternative spatial distributions of 
the atoms or groups attached to the doubly 
bound carbon atoms In this w'ay butene, the 
third member of the mono-ohdinic group, can 
exist in four isomeric forms, 

H /H 

CH.CH, CHCHo C; 

CH3/ XcHj 

Iiutene-\ Qi'i-Iiiitene-2 


CH3\ /H 

h/ 


CH,/ 


-CH 


2 


iso llutntc 


For absorption data of monn, see Grmbaum 
and Marchlewski (Biochem Z 1937, 290, 261 , 
Bull. Acad Polonaise, 1937, A, 60) 

Monn closely resembles ka‘mpferol (5 7 4'- 
trihydroxyflavonol) in its dyeing properties 
Olivo-yellow, yellowy lemon -yellow, and deep 
olive-brown shades are obtained on wool 
mordanted with chromium, aluminium, tin, and 
iron, respectively (Perkin and Wilkinson, J C S 
1902, 81, 590) 

Maciurin. — A desciiption of this substance 
and its derivatives is given elsewhere (v. Vol. 
VII, 435a). 

Dyeing Properties of Old Fustic. 

The olive-yellow or old-gold colours which 
fustic yields when used 'with chromium mordant 
and the greenish-olives obtained with the use of 
copper and iron mordants are all fast to light 
and milling, but the J^ellow colours yielded in 


pentene, C^H^o, m six foims (5 structural), 
hc'xene, CpH^ 2 ’ seventeen forms (13 stiue- 
tural), and so on 

Occurrence . — The mono-olefins do not occur 
extensivel)^ in natural materials/ They aie 
found in theimally decomposed ('‘cracked'’) 
mineral oils, but their isolation as pure in- 
dividuals fioin the complex mixtures of hydro- 
caibons so obtained is usually attended with 
great difficulty 

Methods of Preparation. — 

(1) The Dehydration of Monohydric AUohols — 
C/?H 2 n-)-l OH --CwH2a+H20 This proc'css 
of very wide apjilicability is carried out by heating 
the alcohols at suitable temperatures with de- 
hydrating agents such as sulphuric acid, phos- 
phoric acid, jihosphei ic oxide, phthalic anhydride, 
anhydrous oxalic acid, etc. , or by slow distillation 
of the alcohols with small amounts of catalysts 
such as hydrogen bromide, iodine, and aniline 
hydrobromide , or by the passage of their vapours 
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over contact reagents such as alumina, thoiia, 
sihca gel or kaolin, heated to the requisite high 
temperatures The structure of the alcohol has 
an important influenc e on case of dehydration . 
teitiary alcohols dehydrate more readily than 
secondary, and these again more readily than 
primary , secondaiy alcohols, CHRR' OH, and 
tertiary alcohols, CRR'R"" OH, usually tend 
to dehydrate in all possible directions to gi\e 
mixtures of olefins 

CMegCOH) CHMeg CMe2CMe2 

or CH 2 CMe CHMegd- H 2 O 

Thus the preparation of tetramethylethylone 
and as-mothyhsopropylethyleno from dimethyl 
isopropyl carbinol ac(‘ording to the above 
equation is effected by heating the caibinol 
(408 g ) with .inhydious oxalic acid (1,200 g ) 
in an oil-bath under rc^flux foi 8 houis, and then 
distilling off the hydrocaibon formed The 
distillate IS washed (> times with ice- water, dried 
over calcium chloiide, and then repeatedly dis- 
. tilled o\ er sodium Careful fiaetionation tliiough 
a good 46-cni column at a reflux ratio of 10 1 
gives tetramothylethylcne and cx.9-methyhso- 
propylethyleno of b p. 72*0-73 27700 mm and 
55 0-56 0°/760 mm., lospec tively (Schurman and 
Booid, .1 Amer Chein So( 1033,55,4030) 

Alcohols which unav oid.ilily undergo rearrange- 
ment of the carbon skeleton uiidei ordinal y de- 
hydration conditions, and esp(‘cially those con- 
taining sensitive secondaiy or tertiary alk^^l 
groups, can often be successfully dehydrated by 
heating the easily decomposable csteis w'hich 
they form with xantlnc adds (Tschugaeff, Bei 
1890, 32, 3332, Whitmoic and Simpson, J 
Amer Chem Soe 1033,55,3800). 

CMe3CHMe(ONa) } CS 2 -> 

CMejCHMe O CS SNa — > 

CMCjCHMeOCSSMe — ^ 
CMCaCH CH 2 +CH 3 SH-I COS 

(2) The Kliminaiwn of llydtogen Halide from 
Monohalogen Derivatives of Paraffins — This 
operation is eaiiicd out by lieating the organic 
halide with alcoholic potassium or sodium 
hydroxide, with cpiinolme or with other in- 
organic or 01 game base 

CH 3 CHBr CHMeg+KOH > 

CH 3 CH CMe2+KBr+H20 

Elimination can often be induced by passing 
the vapour of the halide o\er heated contact 
materials such as barium chloride or finely- 
divided metals (Ba, Pb, Fe, Co, Ni) , also ovei 
heated basic mateiials such as lime and lead 
oxide Tertiary halides, and especially the 
iodides, lose hydrogen halide with great readiness. 

(3) The Dehalogenatton of 1 2-Dihalogeno- 
paraffins, — The decomposition of organic di- 
halides in which the halogen atoms are attached 
to adjacent carbon atoms is carried out by 

(a) treatment of their solutions in alcohol, 
acetone, or acetic acid w'lth zinc dust 

CHMe2CH2CHBrCHBrCH3-fZn -> 

CHMegCHa-CHiCH CHa+ZnBrg, 


(b) treatment of their solutiors in alcohol by 
zinc-copper couple (Gladstone and Tribe, 
J.0.8. 1878, 21, 306), or (c) spontaneous decom- 
position of the di-iodides which are formed by 
the action of phosphorus tri-iodide on the corre- 
sponding 1 2-diols (Kuhn and Wmterstein, 
Hclv Chim. Acta, 1028, 9, 87) 

Thus, us- and fra?i.‘?-J'‘-octenes are (respec- 
tively) conveniently obtained from the corre- 
sponding dl- and 7neso-4 5-dibromo-octanes 
(Voung et al , J Amer Chem Soe 1037, 59, 
403). Either of these dibrornides is added 
giadually to excess of freshly prepared zinc- 
copper couple covered with 00% alcohol The 
alcohol IS gently boiled during the addition, and 
afterwaids heating is increased until the olefin 
mixed with alcohol distils On dilution of the 
olefin-alcohol mixture with water the hydro- 
carbon sepal ates and is diied over calcium 
chloride and rectified The ( M-octenc boils at 
120-120 5°/760 mm and the Irans-ovtenG at the 
same tempeiaturc. 

(4) The Action of Gngnard Reagents or Zinc 
Alkyls on Alkyl Halides — 

R CH CH CH 2 Br-hR' MgBr -> 

R CH CH CHgR' hMgBPg 

CH 2 CHBr i-ZnEta -y CH 2 CHEHZnEtBr 

(5) The Action of Zinc on 2-Bromo-ethers — 
This method is especially valuable for the 
synthesis of isomeiic hexenes, hoptenes, etc 
(Boord ei al ^ thid 1930, 52, 3306, 1031, 53, 
1505) 

R CHBr CHR' OEt 1 Zn -v 

R CH CHR'+Zn(OEt)Br 

The re(juired brorno-ethers can be synthesised 
in the stages 

(a) RCHgCHO+EtOH+HCI 

R CH 2 CHCI OEt4 H 2 O. 

(b) R CHg CHCI OEt+Brg -> 

R CHBr CHBr OEt+HCI 

(c) R CHBr CHBr OEt+R' MgBr -> 

R CHBr CHR'(OEt)+MgBr 2 

(6) The Distillation of Quaternary Ammonium 
Hydroxides or of Alkyl Ammonium Phosphates — 

RCH2CH(NMe3 0H)CH3 
R CH CH CH3(or R CHg CH;CH2)+ N Me3-f 

HgO 

(7) The Action of Metals on Mixtures of Alkyl 
Halides and Halogeno-olefins ( \V urtz Reaction) — 
•Sodium, copper, reduced silver, and sometimes 
magnesium react with the biomo- or lodo- 
denvatives in ethereal solution 

CH 2 .CH CH2l+Etl + 2Na -> 

CH 2 CH CH2Et+2Nal. 

(8) The Polymerisation of Simple Olefins {v 
infra) 

(9) The Thermal Decomposition (“ C racking ”) 
of Paraffins or Higher Olefins, — Large quantities 
of ethylene, isobutene, ^butadiene, etc., are 
obtained in commercial cracking processes. A 
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few molecules probably first decompose to give 
free alkyl radicals (CnH2n+2 ^ R*4-R'*), and 
the latter initiate degradative chain reactions 
by removing hydrogen atoms from neighbouring 


molecules. Thus, for octane, hydrogen may be 
displaced from any one of the eight carbon 
atoms, yielding a radical, which will 

further decompose, e,g., 
a h 


R^+CgHis RH + CH3CH2CH2CH2 CH2CH CH2 CH3 

RH+CH3CH2CH2CH2*+CH2:CH CH2CH3(Decomp.ata) 
-> RH + CH3CH2*4-C2H4+CH2:CH CHaCH3 
or -> RH+CHa-CHa CHa CHg CHg CHrCHa+CHa* (Decomp, at h) 


(cf. Rico, ibid, 1931, 53, 1959; 1932, 54, 3529; 
1933, 55, 3035 ; Ind. Eng. Chem. 1934, 26, 259 ; 
1938, 30, 955). 

Physical Properties. — The early members 
of the homologous senes are gases at ordmary 
temperatures, n-pentene (b.p. 30‘2°), its isomers 
(b.p. <38‘5®) and numerous succeeding members 
are hquids, and the highest members of the 
series are solids. In general, J ^-olefins boil 
lower than J --olefins, and those tfio-olefins m 
which branching of the chain occurs at one of 
the ethylemc carbon atoms tend to boil lower 
than the corresponding normal compounds ; 
accumulation of alkyl groups, however, at the 
ethylemc centres, usually raises the boihng-pomt. 

Oxidation. — Olefins are oxidised by dilute 
permanganate to yield l:2-glycols ; on further 
oxidation the carbon chain is severed : 


R2C;CHR' R2C(0H) CH(0H)R' 

RgCO+R'CHO RaCO+R'COgH. 

Chromic acid and certain other oxidising agents 
behave somewhat analogously. Peracetic acid 
and perbenzoic acid yield olefin epoxides 


\ 

/ 



but the rearrangement is not in general a cha- 
racteristic merely of the ehmination processes, 
but can occur with the olefins themselves around 
300° in the presence of suitable contact reagents. 
Thus each of the above t^ohexenes tends to reach 
the equilibrium A ^ B ^ C in presence 
ca ca ca 

3 % 61 %. 31 %. 

of phosphoric acid-sihca gel at 300°. Accordmg 
to Whitmore (ibid, pp. 3274, 4011 ; 1933, 55, 
812, 1119 ; 1934, 56, 1395) the mechamsm of the 
structural change can be represented in the 
following way. The system (a), in which X 
is a potential anion (Cl, OH, OMe, etc.), 
passes first by loss of X mto a cation (5), 

Me H Me H 

H:C:C:X H:C.C+ X 

Me H Me H ’ 

(a). (5). 

and then by loss of a proton into an olefin. In 
the latter stage, however, the system (b) can 
apparently : 

(1) lose a proton directly 

(CHMe2CH2 CMea;CH2H-H+), 


but in the case of the former reagent the 
epoxide becomes largely converted mto the 
mono-acetate of the l:2-diol. Hydrogen per- 
oxide, in presence of a trace of osmium tetroxide, 
yields with olefins the correspondmg l:2-glycols ; 
lead tetra-acetate in acetic acid similarly yields 
1: 2-glycols, or the corresponding diacetates , 
silver benzoate and iodine form a complex which 
converts olefins into their l;2-glycol dibenzoates. 

Structural Lability and Isomerisation. 
— ^The carbon chains of alcohols and other 
precursors of olefins often undergo rearrange- 
ment during elimmation reactions. Thus mix- 
tures of J ^-butene and isobutene are obtamed 
by the dehydration of wobutyl alcohol with zinc 
chloride or heated contact catalysts (Whitmore, 
J. Amer. Chem. Soc. 1932, 54, 3278), and mix- 
tures of wobutene and A ^-butene by the dehydra- 
tion of n-butyl alcohol over heated aluminium 
phosphate. Tertiary alcohols or hahdes are 
particularly subject to skeletal rearrangement 
durmg conversion mto olefins ; 


CMe3CHMe(OH) 

CMe3CH:CH2 

(A) 


-H 2 O 

P203-Sl02(300°)^ 
or CMeo.CMe. 

(B) 


or 

(2) transpose by shift of a H atom with its 

bonding pair of electrons from one car- 
bon atom to another, before losing a 

proton (CHMeo-CHo-^ CMeo-CH*-^- 
CMe,CH,+ H^). or * * 

(3) transpose by shift of an alkyl group with 

its bonding pair of electrons from one 
carbon atom to another before losing a 
proton 

(CHMe2CH2 CHMeCHaMe-^ 
CHMeCHMe+H+) 

{see Whitmore, lx,). 

The olefins themselves, under the influence of 
suitable catalysts, undergo both structural and 
cisdrans-iaomeriaation. Strong acids promote 
double- bond migration by causing addition of 
hydrion at the more negative of the ethylemc 
carbon atoms, followed by loss of hydrion from 
another carbon atom : 

RCH;CHCH2R'.}.H+ 

R CH 2 CH CH 2 R' R‘CH 2 CH:CHR'+H+. 


or CHo.-'CMeCHMeo 

(C) 


Electron-deficient compoimds of the inorganic 
group which provides effective catalysts for the 
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Friedel-Crafts reaction (Aids, 

mote cw-frarw-isomerisation in olefins. The 

reaction is doubtless of the character : 


R\ /R 

^C=C^ +BFo- 
H/ \h^ ^ 


CHR— CHR(BF 3 ) 
R\ /H 
H/ \r 


+ BF 3 


{cf. Price and Meister, ibid, 1939, 61, 1696) 
Contact catalysts such as alumina and thoria 
can promote both double-bond migration and 
skeletal rearrangement of olefins (or of their 
alcohol precursors) at temperatures around 
400®. According to Goldwasser and Taylor 
{ibid, pp. 1761, 1762), the combined reaction 
may involve a cychc intermediate : 


CHo r CH. 

I ^ 

CHMeiCEt CHMeCHEt 


■ _CH3 
. CMe 


MeCHEt 


Polymerisation. — This is brought about by 
the action of light, heat, or chemical catalysts, 
but some aryl olefins such as styrene polymerise 
spontaneously at room temperatures unless 
special precautions are taken to exclude polym- 
erising agents or agencies, or unless a chemical 
inhibitor such as sulphur is added. Polymeri- 
sation may be high-molecular or low-molecvlar, 
the former resulting in products of high mole- 
cular weight (say, i/= 1,000-400,000), and the 
latter normally yielding mixtures of only the 
earlier polymeric stages (dimer, trimer, etc.). 

The high-molocular products usually consist 
of series of saturated linear polymer-homo- 
logues, formed by the linking of different num- 
bers of monomer molecules head to tail : 


wCRR' CR"R'" -> 

•CRR' CR"R'" [CRR'-CR"R'"]„_a'CRR'-CR"R'". 


The individual molecules in these series differ 
from one another only in chain-length, i e , in 
the value of n. The average value which n 
attains in any polymerisation depends jointly 
on the constitution of the olefin and the con- 
ditions of polymerisation. Ethylene yields 
polyethylene, a tough hom-like translucent sohd 
of average mol. wt. 3,000-5,000, when it is 
heated at 100-300® at 1,200 atm,, or greater 
pressure (B.P. 471690, 1936) ; likewise iso- 
butene yields with enormous speed and evolution 
of heat polyitfobutene, a somewhat elastic solid 
of mol. wt. 30,000-400,000 when it is brought 
into contact With catalysts such as boron tri- 
fluoride, titanium tetrachloride, or aluminium 
chlonde at temperatures between — 10 ° and 
—80® (Thomas, Sparks, and FroJich, ibid, 1940, 
62, 276). The polymerisation probably consists 
in the formation of a few activated monomer 
molecules, i.e , polar or radical molecules of high 
energy content (the active centre denoted by ♦), 
which unite with successive monomer molecules 
to produce in turn activated dimer, trimer, 
tetramer, etc., molecules, until finally activity is 
lost by collision of active centres with other 
active centres, or with the walls of the containing 
vessel : 


c=c c-c 

rc=ci* j.,, % -c-c-c-c* 

Ll 2j 1212 

C— C— C— C— C—C*, etc. 
12 12 12 

Activation of the monomer molecules by 
chemical reagents appears to arise (a) by the 
action of organic radicals (e g,, derived from 
peroxides) or paramagnetic molecules (e,g., 
oxygen) : 

c=.c 

C=C2+R* CR— C* 1 ^ 

12 12 

— CR— C— C— C*, etc. 
1 2 12 

and {b) by polar mechanism involving either 
complex formation between the reagent and 
olefin or by attachment to the more hydro- 
genated ethylenic carbon atom of hydnon 
derived from an acid HX contained in, or 
generated in traces from, the catalyst : 


c-c + 


"C— Cl* 

1 2 

BF 3 ^ BFaj 

.1 2 J 


+ 

+ 

0 

II 

0 

H CH- 

-c* 

1 2 

1 

2 


Activation of olefin molecules by bght or by 
heat results either from direct energisation to 
form (presumably radical) molecules of high 
energy content, or from the production of 
free radicals by photo- or thermal decom- 
position of some of the olefin or extraneous 
molecules present. It is noteworthy, however, 
that high temperature (non-catalytic) treatment 
of olefins commonly gives rise to low-molecular 
“ polymers ” m the formation of which chain- 
scission frequently occurs with formation of 
odd- as well as even-membered chains. 

The low-molecular products tend to be pro- 
duced preferentially at more or less elevated 
temperatures by the action of strong acidic 
catalysts, especially sulphuric and phosphoric 
acids, or of halides such as boron trifluoride, 
aluminium chloride, titanium tetrachloride, and 
antimony chloride. The polymers so formed 
are usually branch-chained olefins formed by 
the mechanisms : 

(a) CH,:CHR+H+ CH3CHR - - -- -'V 
CHjCHRCHjjCHR ^ 

CHgCHRCHtCHR — > 

Dimer 

CHgCHRCHgCHR or 


ii. ^LI f-. CH2 CHR 

CHgCHRCHCHgR — ^ 

CH3 CHR CH2 CHR CH2 CHR or 

CH 3 CHRCH(CH,R)CH,CHR 

CH3CHRCH3CHRCH;CHR or 

Trimer 

CH 3 CHRCH(CHjjR)CH:CHR, etc. 
Isomeric trimer 

(6) CHarCHR-fBFg v F3BCH2CHR 

— - — F3BCH2CHRCH2CHR — ► 

CHa-CHR CHiCHR ► Trimer, etc. 

Dimer 
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and are subject during formation to the skeletal 
rearrangements discussed above At pressures 
above the atmospheric pressure, however, 
polymerisation by aluminium chloride may be 
( omphcated by the formation of paraflins and 
(yclic olefins (Ipatiefl and Grossc, ihid 1936, 
58, 915) Duiing the thcimal tlecomposition 
of paraffins and olefins polymerisation occuis 
side by side with degradation, so that normal- 
chain hydrocarbons tend to pass m pait into 
braiiched-cham forms. 

Aromatisation. — Noimal and brandicd- 
rhain olefins (ontaining 6 or more carbon atoms 
can bo converted into aromatic hydrocarbons, 
with loss of hydrogen, by heating them at 
temperatures above 400° in contact with certain 
catalysts such as chromic oxide gel (cf, Gold- 
wassor and Tayloi, ihid 1939, 61, 1766) Thus 
2 -methyl pentene-2, CMCg CH CHg CH ,, 2- 

ethylbutcne-1, CH2 CEt CHg CH^, 3-mcthyl- 
pentene-2, CH j CH CMe CHg CH j, all undci- 
go 20-27% conversion to benzene at 424° in 
presence of chromic oxido gel For mechanism 
of cyclisation and dehydrogenation, sec Kideal, 
Chem andlnd 1943,62,335 

Additive Reactions. — Olefins display a 
strong tendency to add rc'agcnts at their un- 
satiirated centies The number of reatrents 
which can so be added is very large, and the 
ease of addition varies enoiniously. In many 
instances leaction piocceds spontaneously, in 
others chemical catalysts arc required to pro- 
mote reaction, and 111 still others light, high 
tcmpeiatures 01 high pressures arc needed 
The following are among the princiiial types of 
addenda and additive leactions which can bo 
employed 

Halogens — The halogens (CIg, Br^, 1 2, I Cl, 
I Br) usually combine to give dihalidcs, 

RCHCHR'+Br2 -> RCHBrCHR'Br, 

but under certain conditions substitution occuis 
(see Substitutive Reactions, below) The com- 
pleteness of reaction and the speed of addition 
render certain of the halogens (I Cl, IBr, and 
BPg) suitable for quantitative determination of 
the unsaturation of un conjugated oils, fatty 
acids, polyene hydrocarbons, etc. 

Halogen Acids — Hydrogen bromide, hydrogen 
iodide, and (often) hydrogen chloride add to 
olefins to give alkyl halides, 

R CH:CHR'-f HBr R CH2 CHR'Br 
or RCHBrCHaR'. 

Normally^ a polar mechanism is puisued ; hence 
addition to an olefin R CH CHR' in which R 
and R' arc groups of equal or nearly equal 
electronegativity occurs in both possible direc- 
tions, presumably owing to the nearly identical 
activation energies of the two reactions In 
unsym metrically substituted olefins, however, 
one direction of addition is favoured at the ex- 
pense of the other, atid in those examples where 
the degree of substitution at the two ethylenic 
carbon atoms differs, the addition proceeds pre- 
dominantly (probably unuiuely) in accordance 
with the Markownikow rule, % e , the halogen 
atom of the addendum attaches itself to the 
ethylenic carbon «tom bearmg the smaller 


number of hydrogen atoms, so giving secondary 
or tertiary halides : 

CMe^CHj+HBr CMe^BrCH, 

When, however, hydrogen bromide is the 
addendum, addition may be of abnormal 
character (i e., it may occur in the direction 
opposite to that required by the Markownikow 
rule) if the olefin is contaminated with traces of 
peroxide or (sometimes) if molecular oxygen is 
present (cf Smith, Chem Soc Annual Rep. 
1939, 36 , 225). It is thought that the oxygen 
or peroxide liberates from the halogen acid 
atomic biomine which attacks preferentially 
one (the more hydrogenated) of the ethylenic 
cat bon atoms 

Og+HBr *OOH+Br*, CMe^ CHgF Br* 

HBr 

CMegCHgBr > CHMeg CHgBr f Br*, 

etc The abnormal type of reaction probably 
applies rigidly to all olcfinic additions occurring 
by radical mechanisms, i c., additions initiated 
by ultia-violet light, peroxides, and free radicals, 
(Us- and /m?^5-forms of olefins react alike with 
halogen acids 

Hypochlorous and bypobromous acids add 
at the double bonds of olefins to give chloro- 
hydiins or bromohydrms. In general the 
hydroxyl group tends to attach itself to the 
least hydrogenati‘d or more positive ethylenic 
carbon atom, but in many cases addition occurs 
in both diiections, giving mixtuies of isomeric 
halohydrms 

R CH CHR' f ClOH R CH (OH) CHR'CI 

Esters of hypohalous acids 01 equivalent solu- 
tions of halogens in alcohols fr(*qucntly act 
similarly 

Hydrogen Sulphide — As in the case of halogen 
acid additions, both normal and abnormal 
reactions can be promoted Addition of the 
li(|uid reagent occurs with moderate ease to 
simple olefins in U V. light (ca 2,800 a ) to give 
meicaptans, sulphides, and disulphides 

R CH.CHj+HjS-v 

RCHjCHjSCHjjCHaR 

The direction of addition is abnormal (Vaughan 
and Rust, J. Org (ffiom 1942, 7 , 472). The 
presence of sensitiscrs such as acetone usually 
expedites reaction Addition m the normal 
direction can be effected, but with greater 
difficulty, when liquid hydrogen sulphide reacts 
with the olefin in presence of such catalysts as 
nickel on kiesclguhr (200-300°), ferrous sulphide 
(100° or above), ferric oxide (100° or above), or 
sulphur Cf Bocseken and Van 1) Linde, Rec. 
trav ehim. 1935, 54 , 739, Farmer and Shipley, 
also Naylor, J Polymer Science, 1946, 1 , No. 7. 

Mercaptans — Aryl mercaptans (thiophenols) 
add to olefins in the abnormal direction (Ipatieff, 
J Amer Chem Soc 1938, 60 , 2731) . 

Pr^CH CHj+PhSH-v Pr^JHjCHj SPh 

Normal addition, however, occurs if the olefin 
is first freed from traces of peroxide (Jones and 
Reid, \bid,t p. 2452). In general, ultra-violet 
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light and traces of peroxide promote abnormal 
addition, and sulphur, ferrous sulphide, etc , 
normal addition (c/ Farmer and Shipley, also 
Naylor, I c ) Aliphatic mercaptans add less 
readily than do thiophenols, but more readily 
than does hydrogen sulphide 
Sulphur Dioxide — In presence of traces of 
peroxide, U.V. light, hthium nitrate, and certain 
other catalysts, sulphur dioxide adds readily 
to olefins, giving polymolecular sulphones : 

tiR C H.C H 2~I~ HSO 2 

[ CHR CH 2 SO 2 CH 2 CHR SOa ki 

(Marvel et al , ibid 1937, 59, 707). Analogous 
products are formed from unconjugated poly- 
olefins such as rubber (Farmer and Mornson- 
Jones, unpublished work) 

Sulphur. — ^Most olefins containing the group- 
ing •CH 2 CH;CH- react with sulphur at tem- 
peratures above 100°. The primary prodiuts 
appear to be mono-, di-, tii-, etc., sulphides 
R S R, R S S R, R S S S R, etc. (where R 
IS the original olefin molecule modified by 
gam or loss of one hydrogen atom) of undeter- 
mined constitution, but on prolonged or undue 
heating hydrogen sulphide and mercaptans are 
formed by decomposition (see Farmer and Ship- 
ley, also Naylor, I c ) The inolccule-lmking re- 
activity of sulphur IS doubtless responsible for 
the vulcanisation of rubber 
Sulphuric Acid — Olefins eomluno with strong 
sulphuric acid to give alkyl hj^drogen sulphates 
Those acidic esters become hydiolysed moie 01 
loss easily when boiled with water, so forming 
secondary alcohols 

RCH CHR'-fH2S04 

RCH(0 SOgOHlCH^R' 

Water — The hydration of olefins cannot bo 
accomplished by the direct action of water, but 
IS readily promoted by acids and acidic reagents 

+ H-)© 

RCH:CHR'+H^^ -> RCH 2 CHR' 

R CH2CHR'0H+H+^ 


chloroacetic acids, and o-, m-, and |?-hydroxy- 
benzoic acids in presence of boron trifiuonde to 
give esters ; with phenols, ethers are formed, 

R CH.CHR'+CHgCI CO2H -> 

R CHg CHR' O CO CH2CI 
RCHCHR'+PhOH -> R CHg CHR' OPh 


Paraffins. — Paraffins combine with olefins in 
presence of sulphuric acid (Birch, Dunstan, 
et al , J. Inst Petroleum Tech. 1938, 24, 308 ; 
Birch and Dunstan, Trans. Faraday Soc 1939, 
35, 1013), aluminium chloride, or a catalyst 
composed of boron tnfluoride, finely divided 
nickel, and a bttle water (Ipatieff and Grosse, 
J Amer. Ohem. Soc. 1935, 57, 1016, 1936, 58, 
913) to give Isoparaffins 

CHMeg+CMea-.CHg CWie^CH^CHtAe^. 


GycKoparaffins can sometimes be added to olefins 
m presence of sulphuric acid, and somewhat 
similar additions of paraffins to olefins can be 
effected by heat and pressure alone, and by the 
use of activated hahdo catalysts. 

Aromatic Hydrocarbons — Benzene, toluene, 
naphthalene, etc , combine with olefins in 
presence of boron tnfluoride, aluminium chloride, 
sulphuric acid, and ferric chloride, the olefins 
thus serving as alkylatihg agents (Niouwland 
et al , J. Amer Ohem. Soc 1936, 58, 1007 ; 
Ipatieff et al , ibid , pp 919, 2339 ; 1938, 60, 
353 , J Org Ohem 1940, 5, 253 , Potts and 
Carpentei, J Amer Chera Soc. 1939, 61, 663). 
In this way propene condenses with benzene 
m presence of boron trifluorido to give mono-, 
di-, tri-, and tetra-^sopropyl derivatives of 
benzene (Nicuwland, J Amer. Chem. Soc. 1935, 
57, 1547) 


CSH6+2CH3CHCH 



2>-CeH«Prf 


m-CgHjPrf 


In industrial processes sulphuric acid is ex- 
tensively used, but since this reagent can effect, 
reversibly, (a) hydration, (b) esterification, and 
(c) polymerisation of the olefin, all of which 
reactions may occur side by side, it is necessary 
to control carefully the strength and quantity 
of the acid employed, and the temperature The 
precise course which reaction takes with sul- 
phuric acid of given strength depends largely 
on the constitution of the olefin. Thus propene 
and J^-pentene form esters with 85-92% sul- 
phuric acid, whereas J^-pentene gives a mixture 
of 2- and 3-pentanol , other olefins, however, 
undergo polymerisation with 80% and esterifi- 
cation with 70% acid. The sulphuric acid esters 
formed can often be easily hydrolysed to give 
the corresponding alcohols. 

Aqueous organic acids, diluted nitric, phos- 
phoric, sulphonic, and picric acids have been 
used as hydrating agents, the reaction proceed- 
ing less readily with the weaker acids, but still 
often occurring at measurable rates even with 
0*1 M. solutions of dibasic organic acids. 

Organic Acids and Phenols. — Olefins combine 
with organic acids such as mono-, di-, and tn- 


Phenol-formaldehyde Resins — Olefins combine 
with phenol-formaldehyde resins when heated 
with the latter at about 180° (Cunneen, Faimer, 
and Koch, J C S. 1943, 472) : 



Diphenylketen. — Olefins combine with di- 
phenylketen, but not with keten, when heated 
with the reagent at 70-100° (Staudingor and 
Suter, Ber. 1920, 58 [B], 1046 ; Farmer and 
Farooq, J.C.S. 1938, 1925) : 

R CH CHR' 

RCH.CHR-f PhgC.CO -> I I 

PhgC— CO 
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Ozone. — Ozone addition products, called 
ozonides, are formed apparently quantitatively 
by passing a stream of ozomsed oxygen (or air) 
through cooled solutions of the olefins : 

RCH:CHR' FR CH CHR'l >■ 

I V J 


R 


:h chr' 

\ / 

o o 


The exact constitution of the ozonides (which 
unless carefully prepared, and sometimes un- 
avoidably, are partly or wholly polymeric 
derivatives) is uncertain, but the isolable 
monomeric forms appear most often to be of 
cther-peroxido typo, as shown m the equation. 
These relatively stable forms may well, however, 
be preceded by less stable primary forms, the 
molozonides of Staudinger (Ber. 1925, 68 [B], 
1088). 

The ozonides as a class are easily decomposed, 
and m many cases decompose spontaneously 
with great violence when isolated from solution ; 
their solutions, however, are relatively stable. 
The regulated decomposition of the ozonides of 
olefinic substances affords the most valuable 
diagnostic evidence concerning the olefinic con- 
stitution, and especially of the double bond 
position. It is usual to bubble apjiroximately 
the theoretically required amount of ozone (as 
ozonised oxygen) through a solution of the 
olefinic substance m an inert solvent at about 
0® (over-ozonisation is to bo avoided), then to 
remove the solvent at reduced pressure, and 
finally to decompose the ozonide (1) by warming 
or vigorously stirring it with a large excess of 
water, (2) by reducing it, either catalytically with 
hydrogen in presence of finely-divided platinum 
or by zinc and acetic acid, (3) by heating it with 
powdered Raney nickel in an inert solvent 
(Cook and Whitmore, J. Amer. Chem. Soc. 1941, 
63, 3540), or (4) by stirring it with an alkalmc 
suspension of silver oxide at 90-95°. The pro- 
ducts are aldehydes, ketones or mixtures of 
these, 

R CH CMeR' R CH0+R' C0Me+H,0, 

\/ 

Os 


but usually the aldehydes are partly converted 
(wholly by method 4) mto the corresponding 
carboxyUc acids. 

For the quantitative oxidative cleavage of 
the ozonides of olefins of high mol.-wt., see 
Asinger (Bor. 1942, 75 [B], 656) ; for the esti- 
mation of the unsaturation of olefinic polymers 
of high mol.-wt., see Che 3 mey and Kelley (Ind. 
Eng. Chem. 1942, 84, 1323). For review of 
ozonisation technique, see Long, Chem. Rev. 
1940, 27, 437. 

Thiocyanogen. — ^This reagent (usually gene- 
rated in situ from sodium or plumbous thio- 
cyanate) adds to the double bonds of olefins to 
give di-thiocyanates : 

R CH:CHR'+(SCN)j -5^ 

RCH(SCN)CHR'(SCN). 


The dithiocyanates of various of the simpler 
olefins are ciystalline compounds, suitable for 
characterisation of the latter (Dermer and 
Dysinger, J. Amer. Chem. Soc. 1939, 61, 750). 
The additive reaction has been applied by Kauf- 
mann (Arch. Pharm. 1926, 263, 675) to the 
quantitative estimation of the unsaturation of 
olefinic substances, especially to that of the 
drying oils {see this Vol , p. 616). 

Nitrogen Compounds. — ^Nitric oxide reacts 
with olefins, hberating nitrogen and forming 
inter aha isomeric nitro-olefins, Cr^Han-iNOg, 
and pseiidomtroBites, R C H ( N 02)*C H ( N O) R' 
(Bloomfield, J.C.S. 1944, 120). Nitrogen tri- 
oxide and tetroxido react additively, forming 
p^ei/donitrosites and dinitro-compounds. 

R CH(N02) CH(N02)R', 

respectively. Nitrosyl chloride yields nitrosyl 
chlorides, R CH (NO)-CHCIR', which are fre- 
quently crystalline, and therefore suitable for 
the characterisation of the parent olefins. 

Aromatic Bases — Aromatic bases, and es- 
pecially anilme and toluidinc, unite with olefins 
when heated with the latter in presence of a 
hydrohabde of the base. Tw’o types of addition 
occur ; 

RCHiCHg-f PhNHa 

R CHMe(C 6 H 4 NH 2 ) and R CHMe(NHPh). 

Hydrogen Sulphite — Oxygen and peroxides 
catalyse the addition of sodium bisulphite to 
olefins (Kharasch et al , J. Org. Chem. 1938, 3, 
175): 

RCH.CHR'+NaHSOa 

R CHa CHR'(S03Na). 

Alkali Metals. — a^-Diaryl-, tnaryl-, and tetra- 
aryl-olefins add alkali metals, giving mono- 
molecular or polymolecular metallic derivatives 
(Schlenk, Annalen, 1928, 468, 1 ; 1930, 479, 58, 
78): 

2Ph2C:CH2+2Na 

PhgCNaCHgCHaCPhgNa 
Ph2C:CPh2+2Na PhgCNa CPhgNa. 

Metal Salts. — Olefins form complexes with 
numerous metallic salts, e.g., with CuCI, ZnCL, 
FeCIa, AlCIo, PtCla, and KoPtCI^. The lower 
olefins are absorbed by sohd cuprous chloride, 
so forming easily dissociated compounds (see 
Gilliland et al., J. Amer. Chem. Soc. 1936, 61, 
1960). 

Substitutive Reactions. — Under non- 
polar conditions of reaction many reagents com- 
bine with olefins substitutively at the carbon 
atoms adjacent to the double bonds. Such 
reactions appear usually to involve chain 
mechanisms, and are probably initiated at the 
double bond. Illustrative of these a-methylenic 
substitutions are the following ; 

Halogenation. — Olefins of the type 

CRR'.CHR and CRR':CR"R'" 

are substituted by chlorine and by bromine at 
low or moderate temperatures and at (about) 
atmospheric pressure (Groll, Heame, et al,, 
Ind. Eng. Chem. 1939, 81, 1289, 1413, 1630). 
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Reaction occurs in the absence of light and 
without other catalyst than the walls of the 
vessel. Thus wobutylene yields with chlorine 
CHaCI-CMerCHa (87%), CMea-CHCl. (3%). 
CMegCI (1%), CMegCl-CHaCI (6%), and 
saturated dichlorides and trichlorides (3%). 
Normal olefins, and ethylene, require higher 
temperatures of reaction than branched -chain 
ethylenes. 

Maleic Anhydiide . — Olefins combine with 
maleic anhydride, and with maleic esters to give 
(mainly) olefin-succinic anhydrides or succinates 
when heated with the latter at temperatures 
above 200° (Farmer, Trans. Faraday Soc. 1942, 
88, 340) ; 

RCH2CH.CHCH2R+C4H2O3 

R CH 2 CH(C 4 H 303 ) CH:CHR 

A somewhat similar reaction occurs when olefins 
are heated with maleic anhydnde in solvents 
(benzene, toluene, etc.) containing a little 
dibenzoyl peroxide (Farmer and Farmer, un- 
published work), or sometimes (Wagner- 
Jauregg, Ber. 1930, 68 [B], 3213) without the 
addition of peroxide. 

Autoxidation — Oxygen combines in some 
degree with most olefins, and the ease of reaction 
increases with mcrease in unsaturation, and 
with increase in illumination ; absorption of 
oxygen can, however, often occur slowly in 
the dark — thermally promoted. Normally the 
primary reaction products are peroxides, but 
as these are often unstable (especially at tem- 
peratures above room temperature) the end 
products isolated are most often mere secondary 
oxidation products of the original olefin, the 
peroxides serving as oxidising agents. Olefins 
of the type R CHj-CHiCHR' give hydroper- 
oxides R CH (OOH)*CH.CHR', which undergo 
secondary reaction (intramolecular or inter- 
molecular) to form numerous oxygeno- com- 
pounds, including unsaturated alcohols, 

RCH(OH)CH CHR', 

epoxy-compounds 

R CHgCH O CHR', 


double-bond cleavage products and polymeric 
derivatives (Farmer and Sundrahngham, J.C.S. 
1942, 121 ;^Farmer and Sutton, ibid,, p. 139). 
Ethylene reacts only on being heated with 
oxygen, the oxygenated products containing 
but little undecomposed peroxide ; cw-diphenyl- 
ethylene gives highly polymerised peroxides, 
•CPh 2 *CH 2 ‘ 00 ‘CPh 2 *CH 2 * 00 * ; styrene ab- 
sorbs a httle oxygen and rapidly polymenses, 
unless a polymerisation-inhibitor is employed, 
yd'he substitutive peroxidation charactensing 
^ethylenes and unconjugated polyolefins is in con- 
trast to the terminally additive (usually poly- 
meric) peroxidation characterising conjugated 
di-olefins (see Farmer, Trans. Faraday Soc. 1946, 
42, 228). The absorption of oxygen by olefine is 
often greatly accelerated by the presence of 
organic and inorganic salts of iron, copper, 
cobalt, manganese, and lead, also by finely 
divided nickel ; certain of these salts influence 
also the decomposition of peroxides. 
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Diolefins and Polyolefins. See Di- 
OLKFiNS, Vol. II, 856 ; II, 151a, 1566. 

Cyclic Mono-, Di-, and Poly-oleflns. 
See Cyolbnes, Vol. Ill, 532a, 5346. 

E. H. F. 

OLEO-RESINS. The oleo-resins consti- 
tute a large group of natural products, the chief 
constituents of which are volatile oil and resin. 
The essential oil may be separated by steam 
distillation or distillation under reduced pres- 
sure, the remaining resinous portion formmg a 
sohd or semi-solid mass, usually of a sticky 
consistency. 

The more important natural oleo-resins, fre- 
quently known as balsams, comprise the follow- 
ing : (1) Balsam of Peru, (2j Canada Balsam, 
(3) Chian Turpentine, (4) Copaiba Balsam, 

(5) Elemi, (6) Gurjun Balsam, (7) Ladanum 
(Labdanum), (8) Mecca Balsam (Balm of 
Gilead), (9) Turpentine, (10) Venice Turpentine. 
In addition to these, there are galenical products 
used m medicine, prepared from raw materials 
by extraction with solvents, the chief of which 
are: (11) Capsicine (Oleo-resm of Capsicum), 
(12) Oleo-resin of Cubebs, (13) Gingerine (Oleo- 
resm of Ginger), (14) Male -fern Extract, also 
known as Oil of Malcfern, (15) Oleo-resin of 
Parsley. 

In the following brief description of these oleo- 
resins, the relevant reference only is given of 
those already described in earher volumes of the 
Dictionary. 

(1) Balsam of Peru (v. Vol. I, 6166). 

(2) Canada Balsam (Canada Turpentine) 
(v, Vol. II, 261a). 

(3) Chian Turpentine is the turpentine 
derived from a small tree Piatacia terebinthus 
Linn., which inhabits the shores of the Mediter- 
ranean and Asia Minor. It was formerly used 
in medicine but is not now recognised in this 
country as of any particular value. 

(4) Copaiba Balsam {v. Vol. Ill, 3376, 
338). 

(5) Elemi {v, Vol. IV, 275a) 

(6) Gurjun Balsam, also known as wood oil 
but not to be confounded with Chinese Wood 
Oil which is an entirely different product. 
Gurjun Balsam is the product of various species 
of Dipterocarpus and it is obtained in Burma. 
It is used as a substitute for and as an 
adulterant of Copaiba which it resembles in 
appearance {v. Vol. Ill, 337d). 

(7) Ladanum (Labdanum) {v. Vol. VII, 175d) 

(8) Mecca Balsam (Balm of Gilead) (v. 
Vol. VII, 545d). 

(9) Turpentine {q-v,), — The oleo-resinous 
exudation from various species of coniferse. It 
is by far the most important member of the 
group of oleo-resins and is widely used as the 
source of oil of turpentine employed in paints 
and varnishes as well as for medicinal purposes. 
A full description of its characters, chemistry, 
and uses will be given in a later volume of this 
Dictionary. Vanous types of turpentine are 
known under descnptive names such as Venice 
Turpentine (v. infra), Strassburg Turpentine, 
Hunganan Turpentine, Greek Turpentine, 
Himalayan Turpentine, Jura Turpentine, etc. 

(10) Venice Turpentine (Larch tuirontine). 
— The natural exudation from the Ibark of 
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Larix decidua Mill, chiefly obtained from the 
Tyrol. The analytical constituents are as 
follows acid value 64-77, saponification value 
97-133, iodine value about 148, acetyl ester 
value 109-119. Much of the so-calJod Venice 
turpentine sold in commerce is a factitious article 
consisting of colophony, resin oil, and oil of 
turpentine. 

Galenical Oleo-resins 

(Jl) Capsicine. — Oloo-rcsm of Capsicum (v. 
Vol II, 2736, 2756) 

Capsicine contains essonti.al oil, resins, and a 
crystalline substance, capsaicin^ which is the 
pungent principle Capsaicin, m p. 64-65°, 

consists of 77-methyl- J^-nonenylvanillylamide : 
qMe_ 

V\ 0 ^ \cH 2 NH CO [CH2]4 CH CH CHMe2 


(Nelson and Dawson, J Amer Cheni Soc 1923, 
45, 2179 ; Spath and Darling, Rer 1930, 63 [B], 
737) Capsicine has p 0*925-^ 940 and 1 465- 
1 479 The acid value varies from 90-120 when 
alcohol is used and fiom 100-110 when ethei or 
acetone is used 

(12) Oleo-resin of Cubebs. — Prepared, by 
extracting with ether the powdered dried unripe 
fruits of Piper cubeba Linn , Earn Piperacoae 
It IS a green viscid liquid with a strong peppery 
odour and contains a volatile oil (e. Cubebs, 
Essential Oil of, Vol 111, 455e), a fatty oil, 
several resins of undetermined composition, and 
cubebin, 

R CH 2 CH CHO 


R CHg CH CH2 OH 



(Haworth and Kelly, J.C.S. 1937, 384), which 
crystallises in slender prisms, m p 132°, [a]p 
— 17 1°, semicarbazone, m p. 144°. The yield 
from the drug varies from 10-30%, the specific 
gravity from 0 985-1 020, and the refi active 
index from 1 500-1 501. It is used in medicine 
as an internal antiseptic in gonorrhoea and in 
the form of lozenges as an expectorant and 
stimulant to the bronchial mucous membrane 

(13) Oleo-resin of Ginger.— Gingerme, 
Prepared by extracting with acetoile, alcohol, or 
ether the dried rhizome of Zingiber officinale 
Roscoe, Fam Zingiberacese. Ginger rhizome is 
cultivated in the West Indies, Africa, Java, and 
other tropical countries. 

The oleo-resin is used medicinally as a 
stomachic and is sometimes added to purgatives 
to prevent griping It is also used as a flavour- 
ing agent. 

Gingerme has p I 026-1 045, 1*515 -1*525. 

The pungent constituent is gingerol (v. Ginger, 
Vol. V, 533). To estimate the gingerol about 
1 g. IS extracted several times with bght 
petroleum, which is then evaporated ; the 
residue is dissolved in 60% alcohol and the 
alcohol and the alcohohe solutiop extracted 


with light pet 1 oleum The alcohol is then 
evaporated and the residue extracted three 
times with ether, the ether is evaporated and 
the gingerol weighed Gingerol rapidly loses its 
pungency when warmed with 2% sodium 
hydroxide It is a mixture of homologous 
phenolic substances The volatile oil of ginger 
has no pungent properties {v Ginger, Essential 
Oil of, Vol V, 535f/) 

(14) Oleo-resin of Malefern (v Vol. V, 
180d-182d) 

‘ (15) Oleo-resin of Parsley, also known as 
Apiol It 18 prepared by extraction with 
alcohol or ether from the fruits of Carum 
pelwsehnum Benth. et Hook, Fam Umbelh- 
fera' It is official in the British Pharmaceutical 
Codex under the title Apiol It is a green oily 
liquid, p 1 055-1 091, having a peculiar odour 
and a disagreeable aciid taste. It is used 
medicinally in dysmenorrha^a and arnenorrhoea 
and as a diuretic It contains apiole (1-allyl- 
2 5 - dimethoxy - 3 4 - methylenedioxybenzene) 
which occurs in aciculai crystals, m.p 29-30°, 
having an odour of parsley Apiole dissolves 
in sulphuric acid giving a chaiacteiistic blood - 
red colon 1 

C T. B 

OLIGOCLASE V . Felspar 

OLIVE. The fruit of Olea europsea L., is 
used mainly as a source of ohve oil and also foi 
table use For the latter puipose it is commonly 
conserved by pickling in brine 

The fruit, of which a number of varieties are 
marketed, consists appioximately of seed 2 5, 
stone 17, and flesh 80% by wxught. The follow^- 
ing IS typical of chemical analyses 



Water 

Pi 0 - 
kin 

Fat 

(’arbo- 

hvdrate 

and 

flbie 

Ash 

Flesh 

30 1 

5 2 

51 9 

10 5 

2 3 

Stone 

0 2 

3 5 

2 8 

83 3 

1 1 

Seed 

10 6 

18 6 

31 9 

36 7 

22 


American analyses of pickled olives as quoted 
by Winton (“ Analysis of Foods,” 1945) are . 
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Gieen 

58 0 

1 1 

27 6 

116 

1 7 

Ripe 

64 7 

1 7 

25 9 

4 3 

3 4 


The percentage composition of the ash of 
olives is : 


Ash 

■K 2 O 

Na 20 

CaO 

MgO 

FeiOi 

Flesh 

80 9 

7 5 

7 5 

02 

0 7 

Stone 

68 8 

6 6 

7 5 

0 4 

0 8 

Seed 

30 3 

20 

30 4 

1 2 

0 1 


Ash 

P 2 O 5 

SO 3 

S 1 O 2 

Cl 


Flesh 

1 3 

1 1 

07 

02 


Stone 

16 7 

33 

1 3 

4 7 


Seed 

28 2 

24 

54 

0*1 
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Olives are usually pickled in brine to which 1% 
of acetic or lactic acid is added. Lactic acid is 
said to impart a better flavour to the fruit. 
During pickling olives tend to darken to a 
brownish colour, a certain amount of acid 
fermentation taking place. Lactobacillus cul- 
tures improve the colour and appearance of the 
pickled fruit. Addition of sodium benzoate 
improves the conservation of olives W. V 
Cruess et al. (Fruit Products J 1941, 21, 113) 
in a discussion of pickling and processing of 
olives records promising results of “ fiozen 
storage ” methods for conserving olives. 

Olives contain a ghicoside oleoeuropein which is 
hydrolysed by cmulsin (present in fiuit, leaves, 
and bark) yielding glucose (Power and Tutin, 
JC.S. 1908,93, 891, 904, Pharm J 1008, [iv], 
27, 714). 

Finely ground olive stones have been used to 
adulterate pepper This adulteration is com- 
monly detected by the red coloui formed on 
treating the sample with hot dimethyl -p- 
phenylenediamine The test is said not to be 
specific and R Pans (Bull. 8ci Pharmacol 1941, 
48 , 17) recommends the use of phloroglucinol 
in liydrochloric acid which produces a red 
coloration in the lignified tissue of the olive 
stones Bottled olives aie said to contain 
appioximately 1,000 international units of 
vitamin-^ per 100 g 

A G. Po. 

OLIVE O I L is obtained fiom the fi iiit of the 
olive tree Olea europ<ra (sativa) L , which thrives 
best in a sub-tropical climate and is cultivated 
extensively m all the countiics bordering the 
Mediterranean It is also cultivated in Austialia, 
South Africa, and California, but cultivation in 
India has so far proved unsuccessful since, 
although the tree grows and flowers, the fruit 
seldom roach maturity The tree normally 
begins bearing at 8-10 years, the greatest yield 
of fruit IS obtained at about 20 years, the tico 
bearing fruit for over 100 years, each tree yielding 
between 30 and 200 kg of olives a season The 
weight of individual olives vanes from 2-10 g , 
the kernel being about 50% of the whole for 
small fruit, diminishing to under 10% m the 
largest In the best cultivated typos the fruits 
weigh from 2 to 6 g , the kernel being 10-30% 
The oil content of the fruit rises to a maximum 
when the fruits are fully ripe and then de- 
creases slowly, the fleshy pericaip of the best 
cultivated fruit containing 40-60% of oil as com- 
pared with 10-30% for Algerian and Californian 
fruit. 

The finest oils are obtained from hand-picked 
fruit by crushing in a mill without breaking the 
kernels, or by peeling hand-picked fruit and 
pressing lightly after removal of the kernels. 
The crushed marc is then pressed in a hydraulic 
press of the “ Marseilles ” type to a pressure of 
300 atm., yielding the best edible or “ virgin 
olive-oil.’* A further yield of oil is obtained by 
pouring cold water on to the marc after the 
pressure has boon released, and repressing. 

The pulp IS then removed from the press, 
mixed with hot water and again pressed, when 
oil, primanly used for soap-making, lubricating 
and illuminating, is obtained. The pulp, which 
still contains 10-20% of oil, is beaten with hot 


water, ground in special mills, and the water 
separated. The emulsion of oil and tissue is 
then hot-pressed, the oil, “ huilo do ressence,” 
being allowed to stand at an elevated tempera- 
ture, when a clear layer separates on the top 
over a layer of thicker oil, “ olive oil grease ” 
The oil cake remaining is then solvent ex- 
tracted 

Fermentation of the marc m pits is an alter- 
native to boiling with water, the oil set free, 

“ huile d’enfer,” frequently containing (>0-70% 
of free fatty acids, being skimmed off 
In the more modern methods of extraction 
the fiuits are broken up in stone-edge running 
mills and the pulp and seeds placed m specially 
constructed iron cage presses or fed continuously 
in an expeller press Alternatively a centrifugal 
process is employed in which the pulped fruits 
are pressed through a wire screen to lemove the 
seeds, the pulp being centrifuged. By cither 
of these methods 60-70% of the oil present is 
recovered as first-grade quality in one opeiation, 
second grade oil being obtained by solvent ex- 
traction of the residual marc Such oils are 
teimcd “ sulphur olive-oils ” although solvents 
other than carbon disulphide, viz light petroleum 
and trichloroethylene, arc fiequently used Sul- 
phur olive-oils are thick liquids, dark green in 
colour due to extracted chlorophyll 
The finest grades of olive oil lequire only 
filtration Mucilage and vegetable tissue es- 
caping into the oil are removed by settling m 
tanks, eithei alone, after boiling with water or 
brine, or after injecting a current of steam, the 
clear oil being drawn off from above the sett- 
lings Oils which contain a higher percentage 
of fiee fatty acids, and which are darker in 
colour, aio alkali refined, bleached, and de- 
odorised, the olive aroma being re-introduced 
by adding a small quantity of ciudc oil to the 
refined produet For oils with a higher free 
fatty-acid content, the free fatty-acids can be 
removed by distillation Sulphur olive-oils are 
refined by fiist removing the mucilage, but the 
product cannot be satisfactorily alkali-refined 
since the soap-stock contains approximately 
half its weight of neutral oil. Part of the free 
acidity IS therefore removed by distillation, the 
residue being alkali-iefined 
The finest grades of olive oil vary from yellow 
to greenish -yellow in colour, second grades 
green to brownish-green, usually clear and 
limpid , extracted oils are cloudy, viscous, and 
ofiensive-smolling 

The following physical and chemical cha- 
racteristics have been recorded : p\l 0 914- 
0 920, Wp 1471, setting-point below 0°, 
saponification value 189-195, iodine number 
80-85, acetyl value 5-11, free fatty-acids as 
oleic 1-10% (sulphur olive-oil 10-70%), un- 
saponifiable matter 0*5-1 *5%. 

Olivo oils appear to fall into two distinct 
types All except those from the Mediterranean 
islands and from Tunisia resemble one another 
m containing approximately 9-10% palmitic, 
2% stearic, not more than 7% Imoleic, and 80% 
oleic acid (G. S. Jamieson and W. F. Baughman, 
Oil and Fat Ind 1925, 2 , 40, 110 ; ibid 1927, 4 , 
426, T. P. Hilditch ^nd £. C. Jones, J.C.S. 
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19a2, 805 ; T. P. Hilditch and H. M. Thompson, 
J.S.C.L, 1937, 56, 434; B. G. Gunde and T. P. 
Hilditch, ibid, 1940, 69. 47 ; T. P. Hilditch and 
L. Maddison, ibid, 1941. W, 258). These oils, 
from Italy (earlier type), Spain, Palestine, and 
California are so similar in composition that 
for the acids mentioned variations are almost 
within experimental error. The Mediterranean 
islands and Tunisian oils (V. Brandonisio, Chim. 
e. rind. 1936, 18, 14; G. S. Jamieson, R. M. 
Hann, and W. F. Baughman, Oil and Fat Ind. 
1927, 4, 63), and a more recent sample of Italian 
(Tuscany) oil (B. G. Gunde and T. P. Hilditch, 
l.c, ; T. P. Hilditch and L. Maddison, l.c,), con- 
tain 15% or more palmitic, 10-13% linoleio, and 
about 70% oleic acid, this possibly indicating 
that olive oil of somewhat different composition 
from the typical earlier olive oils is being pro- 
duced in recently developed areas. 

Considering the earlier type of Italian oils, 
since the component fatty-acid contents are I 
constant, it foUows that the component gly- 
ceride contents must be very similar. Triolein 
occurs to the extent of 30%, monolinoleodiolein 
25%, and raonosaturated dioleins 45% (mol.), in 
contrast to the oils of higher linoleic acid content 
which contain only about 5% (or less) triolein, 
with about 35% monolinoleodioleins, 5% mono- 
saturated monohnoleo-oleins, and 35% saturated 
dioleins (Hilditch and Maddison, l.c,). The 
content of these glycerides in an olive oil is of 
some significance with regard to its suitability 
for packing or conveying of other edible pro- 
ducts, e.g,, fish, vitamin concentrates, etc., and 
for use in textile industries, since the percentage 
of molecules containing the much more readily 
oxidisable linoleic acid is of the order of 40 as 
compared with 25 in the case of Palestinian 
olive oil (which can be regarded as typical of 
genuine oils of the earlier t3rpe). 

The highest grades of ohve oil are used for 
edible purposes, intermediate grades for the 
manufacture of textile oils and, together with 
the distilled acids obtained from high-acid oils, 
for high-grade soaps. The lowest grades of sul- 
phur ohve-oils are suitable for lower-grade toilet 
and Castile soap ; a high-grade soap would result 
from such oils if the colour could be effectively 
removed. 

Substitutes for olive oil, primarily used in 
textile industries, include slightly hydrogenated 
groundnut oil, reprocessed ohve oils made from 
the distilled fatty acids of high-acid oils, or of 
high-acid oils esterified with glycerol. Olive 
oil fatty-acids estenfied with cycZohexanol have 
also been used. A substitute for edible purposes 
is obtained by infusing a refined vegetable oil, 
cottonseed or groundnut oil, with 10% ground 
salted ripe olives (S. Musher, Oil and Soap, 1934, 
20, 26). 

On account of the relatively high price of ohve 
oil it is frequently adulterated with teaseed oil, 
this being more difficult to detect than oils such 
as arachis, cottonseed, sesam^, or rape oil. The 
undeclared blending of solvent extracted and 
expressed oils is considered to be fraudulent, 
detection of such blending often being difficult. 
Tests have been proposed (Amer. Oil Chem. 
Assoc, test, Oil and Fat Ind. 1931, 181, 197) for 
the detection of residual sulphur by blackening 


of silver benzoate, but this fails in the case of 
highly refined carbon disulphide-extracted oils 
and those extracted with trichlorethylene. 
Bromophenol Blue has been used for detecting 
traces of alkali left in the oils after refining (A. 
Romeo, Olii minerah grassi e saponi colori e 
vemici, 1939, 19, 88). A further test depends 
on the fact that extracted oils give a persistent 
red colour with acetic anhydride and sulphuric 
acid (Fachini, Ind. olii, min. e grassi, 1930, 10, 9). 
Most virgin ohve-oils show a yellow fluorescence 
in ultra-violet light, whereas refined oils, whether 
expressed or extracted, and most seed oils, give 
a blue fluorescence (Marcille, Ann. Falsif 1928, 
21, 189 ; Gisondi, R. Staz. Chim. Agrar Sperim 
Roma, 1931, publ. No. 276; Lucente, Atti X° 
cong. intern, chim. 1939, 4, 594). This however 
is not conclusive, since some seed oils give a 
yellow fluorescence, whilst unrefined expressed 
olive oils have been known to give a blue 
fluorescence. The high value for the iodine 
number of the unsaponifiable matter in olive 
oil (197-206) and the great difference between 
this and the lower values (117-124) for oils used 
as adulterants gives another useful method for 
detection of adulteration (Bolton and Williams, 
Analyst, 1930, 55, 5). 

The residual cake has httle or no feeding value 
on account of the high fibre content, and if fed 
the hard, sharp, broken pits may cause injury 
to the digestive tract. 

M. L. M. 

OLIVENITE. A basic copper arsenate, 
CU3 (As 04)2 ,Cu ( 0H)2, crystallised in the 
orthorhombic system* It forms small crystals 
of prismatic habit; or more usually globular 
aggregates of radiating needles, sometimes so 
fine that the material has a velvety appearance. 
The characteristic olive-green colour (hence the 
name) ranges from a dark shade in the crystals 
to pale or almost white in the finely fibrous 
masses; the latter variety is known as wood- 
copper, p 4' 1-4 2. It was formerly found in 
some abundance in the upper workings of the 
copper mines near St. Day in Cornwall, and also 
in the Tmtic district in Utah. In Cornwall it 
has resulted from the alteration of chalcopyrite 
and mispickel, while in Utah the mother mineral 
was enargite (CU3ASS4). The arsenic is some- 
times partly replaced by phosphorus, forming a 
passage to the isomorphous and very simflar 
mineral libethenite (Cu3(P04)2,Cu (OHlg) 
originally found at Libethen in Hungary. 

L J S 

OLIVER'S BARK. Black Sassafras, The 
drug 18 the dry bark of Cirmamomurn oliveri, a 
tree native in New South Wales and (Queensland. 
The tincture prepared from it has carminative 
and antiseptic properties and is prescribed in 
Australia as a substitute for cinnamon (v 
Cinnamon and Cassia, Vol. HI, 182a). The 
active principle of the bark is the essential oil, 
which contains e?-camphor 18-20, eugenyl 
methyl ether 40-45, pinene 12-15, and safrole 
25-27% (Hargreaves, J.C.S. 1916,109, 751). This 
oil differs markedly in composition from essential 
oil of cinnamon (v. Cinnamon Bark, Essential 
Oil of, Vol. Ill, 183a ; also Vol.' VIII, 666c). 

J. N G. 

OLIVETORIC ACID (v. Vol. VII, 294c). 
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OLIVINE. An abundant rock-forming 
mmeral group, essentially silicates of mag- 
nesium and ferrous iron, (Mg,Fe) 28104. A 
complete isomorphous series exists ranging from 
forstente, Mg2Si04, through chrysolite and 
hoitonolite to fayahte, Fe2Si04. The commonest 
olivmes are richer m magnesium than in iron, 
approximating to chrysohte in composition. 
Nickel and titanium are frequently present in 
minute quantities. The olivines crystalbse in 
the orthorhombic system ; well-formed crystals 
are rare, and the mineral usually occurs as 
granular masses or as disseminated glassy 
grams. F orstente is colourless or pale yellowish- 
green, but with mcreasmg iron the colour deepens 
through ohve-green to reddish-brown or even 
black m fayahte. Grains are transparent to 
translucent, with a distinctive vitreous lustre. 
p3-2-4*3, mcreasmg concomitantly with iron; 
hardness 6J-7. The mineral is slowly soluble in 
hydrochloric acid, yieldmg gelatmous sihca upon 
evaporation. Individual members of the olivme 
group can be distinguished by accurate deter- 
mmation of refractive indices, optic axial angles, 
and density. By weathering, the olivine 5 readily 
alter to serpentine, with iron oxides, magnesite, 
opal, and gamierite as possible accompany- 
ing products of decomposition. Forstente is 
typically found m thermally metamorpho-ed 
dolomitic limestones, and occasionally in basic 
Igneous rocks ; fayahte is imcommon as a 
naturally occurring mmeral, but is an abundant 
silicate constituent found crystallised in many 
metallurgical slags. Common olivme is of 
widespread occurrence m many basic and ultra- 
basic Igneous rocks such as gabbro, basalt, and 
peridotite, the rock known as dumte bemg com- 
posed almost wholly of olivme. The mineral is 
also an important constituent of stony meteo- 
rites. Valuable deposits of chromite, diamond, 
nickel, and platinum are typically associated 
with ohvine-rich igneous roc^. 

The transparent olive-green variety of olivine, 
peridot, and the clear yellowish-green variety, 
chrysolite, rank as somi-precious gemstones, 
Peridot comes mainly from St. John’s Island m 
the Bed Sea, and is also collected from gravels 
m Arizona and New Mexico. Olivme has 
recently acqmred considerable importance as a 
basic refractory material. It serves well in 
forging and reheating furnaces, as the back wall 
and roof of open-hearth steel furnaces, and 
above the slag line in the walls and arched roofs 
of non-ferrous furnaces. The best natural 
material for making olivine bricks is the rock 
dunite, which contains about 40% of silica, 
50% of magnesia, and 6% of ferrous oxide. The 
larger the proportion of forstente the rock 
contains the bettor will be its quality, because 
pure forsterite melts at l,910®o., has a high 
refractoriness-under-load, and adequate crush- 
ing strength when cold. The cheap artificial or 
synthetic “ forstente ” brick, which has excel- 
lent refractory qualities, can be produced in 
several ways, e.g., by mixing olivine with 
magnesia, or talc with magnesia, or magnesite 
with silica rock. Good ohvine bricks contain 
approximately MgO 67, SiO^ 31, FeO 6, and 
CaO 3% ; they have a bulk-aensity of 2*6, and 
a true density of 3-3. They are 'almost neutral 


m reaction at high temperatures, but in the 
presence of slag and fiue-dust they may react 
with silica bricks and fireclay bncks. Bncks 
composed of ohvine and chromite are more 
refractory under load than ordinary chromite 
bricks. Olivine is marketed m moulded bncks 
and in cut blocks of dunite. It is hkely to rival 
dead-burned magnesite as a refractory, especially 
as it can be produced more cheaply. About 
4,600 tons of natural ohvme were used for re- 
fractory purposes in the United States in 1941. 
A small quantity of the mineral was employed 
in the production of Epsom salts {MgS04). 
Olivine is also a potential source of magnesia for 
making metafile magnesium. 

Iie;erences. — A. B Scarle, “ llefractory 3Iaterlals 
their Manufacture and Uses," 3rd ed., London, 1940 , 
S I. Tomkeleff, “ Zoned Olivines and their Petrogenetio 
Significance,’* Min. Mag , 1939, 25, 229. 

D. W. 

ONION {Allium cepa L.). The edible onion 
bulb consists of an axial arrangement of fieshy 
scales which form the leaf bases of the growing 
plant. The bulbs of the common onion normally 
develop singly from seed in one season. Other 
varieties, c.^., shallots, A. ascalonicum, are pro- 
pagated by planting single mature bulbs which 
divide and produce clusters of 4-10 new bulbs. 
Others again, e.g , perennial or “ tree ” onions, 
ma^ or may not flower but produce young 
bulblets on aerial stems. The bulblets may bo 
used for cuhnary purposes or allowed to mature 
and planted agam for further propagation. 
The “Welsh” onion. A, fistuloaum, forms a 
cluster of thickened blanched leaf bases but no 
actual bulb as in the common omon. Recorded 
analyses show the average percentage com- 
position of onions to be : 
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1 V 8. Dept. Agric Kept 1881-82, 665 ; 1883, 240. 

2 New York Agric. Exp Sta. Kept. 1883, 161. 

3 von Schleinitz, Landw. Jahrb. 1918, 62, 151 

^ Agcaolli, Phlhppine J. Sci. 1916, 11, 91. 

A. Kihara (J. Agric. Chem. Soc. Japan, 1934, 
10, 417) also records analyses of bulbs of Allium 
species and varieties not commonly known in 
this coimtry. 

The pungent volatile oil of onions consists 
largely of allyl propyl disulphide, C0 
together with a small proportion of a higher 
sulphide (F. W. Semmler, Arch. Pharm. 1892, 
230, 443) and a very small amount of a sub- 
stance apparently identical with the higher- 
boiling fraction of oil of asafoetida. The oil 
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content or “ pungency of onions may be detei- 
inined in several ways on the assumption that 
the essential constituents are all of the disul- 
phide (R'—S—S— R") type Thus W. H. 
Paterson (J. Amer. Chem Soc 1914, 36, 1290) 
distils the fresh material and collects the distil- 
late in copper oxide, the copper sulphate formed 
being subsequently determined as barium sul- 
phate. H. Platenius (J. Agric Hes. 1935, 61, 
847) hydrolyses the material with acid and distils 
in steam, oxidising the distillate with bromine 
water and precipitating the sulphur as barium 
sulphate The American Association of Official 
Agricultural Chemists recently adopted the 
Gros-Pichon method (J Pharm Chim 1934, 19, 
249) in which the volatile mattei is distilled into 
ammoniacal silver nitrate, excess of which is 
ascertained volumetiically after removal of 
silver sulphide \^y filtiatuin Alternatively the 
volatile sulphur may bo extracted with water, 
the extract being hydiolysed with acid, i educed 
with zinc dust, and treated with p-aminodi- 
mothylanilino to form Methylene Blue. 

The carbohydiate constituents of onions have 
not been examined extensively The total 
sugar content langes from 2*2-5 8% in different 
vane tic’s, and changes but little during storage. 
E. Bennett (l^roc. Amer Soc Hoit. 8ci 1941, 
39, 293) reports a maximum loss of only 
of the carbohydrate during storage for 3J 
months Kihara (/ c ) records the presence of 
scorodose in A, scorodoprasum and of fructane 
in other varieties. Inulin and mannitol, but not 
dextrin, have also been detected. Wittmann (Z 
landw. Oosterr, 1901, 4, 131) found 0 25% of 
pentoses in onions. The phytin content of 
onions appears to bo high, Bagoisan (Philippine 
Agric , 1932, 31, 53) finclirig 4 7% in the dry 
matter 

A L Wmton, “ Structuic and Composition of 
Foods,” V'ol II, (piotcs the percentage mineral 
composition of fresh onions water, 80, 89 , total 
ash, 0 7, 0 5; KgO, 0 25, 0 18 ; NagO, 0 02, 
0 01; CaO, 0 10, 0 04, MgO, 0 03, 0 02; 
RgOg, 0 13, 0 07, SO3, 0 04; SiOg, 0-07; 
Cl, 0 02 Among ‘‘ trace ” elements reported 
are the following Fe, 150; A I, 90, Mn, 60, 
Cu, 11 , Zn, 2 4 mg. per kg dry matter. 

The vitamin contents of onions have been 
examined by a number of analysts Average 
values arc thiamin 24-33 ^ag., 1 iboflavin 123 /xg., 
nicotinic acid 0 77 mg , ascorbic acid 14 5-14 4 mg 
per 100 g of fresh material Storage of onions 
in pits involves little loss of ascorbic acid (G L 
Dernovskaya-Zelcntsova et al., Proc Sci. Inst 
Vitamin. Res USSR 1941, 3, 276), but on 
cooking about 25% of the total ascorbic acid 
passes into the cooking ^\ater. 

A. G Po 

ONOFRITE(r Vol VII, 562d). 

ONONIN (r Vol VI, 92d) 

ONONIS ROOT. Rest harrow. Ononis 
spinosa (Fam. Papilionacea?). A common Euro- 
pean plant ; the extract of the root is prescribed 
as a diuretic. It contains the ?5oflavono gluco- 
side ononin (Vol. V, 259c, VI, 92d), a triter- 
penediol, onocerol or onocenn (Zimmermann, A 
1941, II, 73), and a saponin (Wagner, Amer. 
Chem. Abstr. 1941, 35^3032). 

J. N. G. 


ONOSMA ECHIOIDES Linn , is a 
biennial plant frequent throughout the Western 
Himalaya from Kashmir to Kumaon ; it is widely 
distributed from Siberia and Cabul to France 
The root is used in the Punjab Himalaya and 
Trans-Indus region as a rod dye for wool. It is 
also utilised as a substitute for alkanct (Anchusa 
tinctona) and imparts a rich red colour to 
medicinal oils ancl fats, eg.. Macassar oil In 
Nepal the roots arc boiled with oil and used as 
a hair dye. The bruised root, leaves, and 
flowers arc cmjiloyed medicinally (Watt, 
“ Dictionary of the Economic Products of 
India,” 1891, 5, 487) 

The dye is readily extracted fiom the violet- 
coloured roots with alcohol, but is very sparingly 
soluble in '\^ater. The general properties and 
colour reactions of the dye are very similar to 
those of alkanet, and there can be little doubt 
that it ( ontains either the same 01 closely allied 
colouiing matters (Perkin and Everest, “ The 
Natural Organic Colouring Matters,” 1918, 
P 73). 

E J C 

ONSAGER EQUATION This equation 
(Onsagor, Physikal Z 1926,27,388, 1927,28, 
277) gave the first quantitatively satisfactoiy 
theoretical interpretation of the vaiiation with 
concentration of the equivalent conductivity of 
a stiong, completely dissociated electrolyte It is 
based upon the mtcr-ionic attraction theoiy, the 
mam postulates of which are duo to Debye and 
Huckel (dnd. 1923, 24, 185, 305, 334) For the 
mobility of an ion (i.e., the contribution of one 
ionic constituent to the total equivalent con- 
ductivity) the equation is 
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w'here I and Iq are the ion conductances of the 
ion of valency Zi at concentrations C and zero, 
respectively, and z" are the \ alencics of cation 
and anion, and 1) and are the dielectric constant 
and \iscosity of the solvent at the absolute 
temperature T Also, 


w-=z+z-{2q|(l+^/q)}, 


where 




For the total eijuivalent conductivity of a uni- 
uni valent electiolyto, the Onsager equation 
becomes 


A 
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( 2 ) 


and if the solvent is water at 25°(^ , 

/l=/lo-(0 2273/lo-f59 78)VL" . . (3) 

The equation is seen to bo of the same form 
as the “ square root law ” found empirically for 
strong electrolytes by Kohlrausch (Ann. Phys. 
Chem. 1885, [ii], 26 , 161; 1893, fn], 60 , 385; 
Z. Eloktrochem 1907, 13, 333). The derivation 
of the mathematical theory is beyond the scope 
of the present article (for reviews, see Wilhams 
and Falkenhagen, Chem. Reviews, 1929, 6 , 317 ; 
Falkonhagen, ^Rov. Modern Physics, 1931, 8, 
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412), but the qualitative aspects of the tlieory 
are readily understood. 

Because of the electrostatic interaction 
between the ions, which diminishes in effect as 
the separation of the ions from each other m- 
croases with dilution, the arrangement of the 
ions in solution is not entirely random, but each 
ion tends to bo surrounded by an “ atmosphere ” 
of ions of the opposite charge This ionic 
atmosphere is entirely statistical in nature and 
represents only a small fractional degree of 
order as compared with the complete disorder 
appertaining to the molecules in solution of an 
uncharged solute. The effect is entirely recipro- 
cal , each positive ion has a negative atmosphere 
and each negative ion has a positive atmosphere. 

Onsager’s theory is conccined with the effect 
of the imposition of a uniform electric field upon 
this “ stationary ” state Consider a given ion 
moving under the influenfe of the applied field 
as it proceeds, its ionic atmosphere must be 
constantly lenewed and this is a piocess which 
occupies a finite period of time, called the “ time 
of relaxation ” The atmosphcie therefore lags 
behind the central ion and tins asymmetry is 
electrically equivalent to a centre of opposite 
potential situated behind the central ion, which 
must therefore suffer a letarding force It is 
clear that this relaxation effect ” will depend 
upon the mobilities of the ions concerned, since 
a swiftly moving ion (an help to build up an 
atmosphere more qunkly than a slower moving 
one. It will also depend upon the concentration, 
and the first term in the coeihcient of \/0 in the 
Onsager equation, which expresses this effect, 
IS seen to conform w'lth these qualitative con- 
clusions 

There is a second effect which causes a reduc- 
tion m the ionic mobihty, the “ eloctrophoietie 
effect,” expressed in the second term m the 
( oetficicnt of '^/C Since the ions exert a 
polarising influence on the solvent molecules, 
they carry a certain amount of solvent with 
them in their motion through the solution 
Since a given ion is surrounded by an atmo- 
sphere of ions which are moving in the opposite 
direction, it must therefore be subjected to an 
additional retardation due to an unfavourable 
counter-flow of solvent, which will be additional 
to the ordinary viscous resistance to the motion 
In these terms, the various forces acting upon 
an ion moving with a steady velocity were 
summed algebraically in the Debye and Hufkel 
treatment : 

Outside ai)plied eleetne force eleetue force 
of iela\ation = fiictional resistance of ineduun 
f frictional foice of (dectrophoretic effect 

Onsager’s improvement on the original treat- 
ment consisted in the elimination of the ionic 
radius as an essential parameter in the cal- 
culation, in taking account of the Brownian 
movement of the ions, and in allowing for the 
mutual effect of the relaxation of both ionic 
atmospheres on each other. 

Validity of Onsager’s Equation for 
Aqueous Solutions. — The derivation of the 
equation involved a number of simplifying 
assumptions and mathematical approximations, 
such that it could only be expected to apply 


as a limiting law' to very dilute solutions. Tests 
of the equation must therefore involve ex- 
tremely accurate conductivity measurements 
extending into the range of very low concen- 
trations and only modern data suffice The 
satisfactory nature of the agreement between 
the equation and experimental results for 
electrolytes of different valency typo is shown 
in Figs 1 and 2, which incorporate data duo to 
Shedlovsky (J Amer Chem Soc 1932, 64, 
1411), Shedlovsky, Brown, and Macinnes (Trans 
Electrochem. Soc. 1934, 66, 165), Shedlovsky 
and Brown (J Amer Chem. Soc 1934, 66, 
1066), Jones and Bickford 1934,66, 602), 
and Shedlovsky (quoted by D. A IVlaclnnes, 
“ Principles of Electrochemistry,” New York, 
1939, p. 331) the points are expciimental ancl 
the hues are those predicted by the equation 
The equation can also bo testyd by altering 
it fioni the form A = ~AQ—{aAQ+P)'^C into 

A,-^(A+^vnia~avo) . ( 4 ) 

which can be used to calculate Aq from each 
experimental A value The results of such a 
calculation arc shown in the following tabic, for 
the case of potassium chloride solutions at 
25°c. 
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It will be seen that the equation holds very 
satisfactorily, tending to show slight deviations 
at molar concentrations above about 0 0015. 

Application to Non-aqueousSolutions. — 
In general, there is a satisfactory mass of con- 
ductivity data which conforms well wuth the 
equation, but deviations are frequently found ; 
although the linearity of the Als/C plot is often 
prescivcd, the slope does not agree with the 
theoretical, the deviation usually being positive. 
Uses of the Onsager Equation. 

I The Calculation of Aq Values . — The equa- 
tion provides the best means for the extra- 
polation of conductivity measurements on strong 
electrolytes to zero concentration This is of 
importance in the evaluation of dissociation 
constants of weak electrolytes • thus for a weak 
acid, HA, the value of (/1 o)ua found from the 
relation 

— (-^o)NaA”"(^o)Na+(^o)H» 

the last two terms being the known mobilities 
of the sodium and hydrogen ions and 
being found by the extrapolation of conductivity 
data on the completely ionised sodium salt of 
the weak acid. 
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The Calculation of True Degrees of Dissocia- 
tion of a Weak Electrolyte . — The classical 
Arrhenius expression, a=AIAQ for the degree 
of dissociation assumes the constancy of ionic 
mobihties at all concentrations, which is now 
known to be erroneous. Aq must be replaced 
by Axf where this is the sum of the ionic mobi- 
lities at the concentration to which the value of 
A relates This quantity can be calculated by 
applying the Onsager equation to the ionised 
part of the weak electrolyte, so that 
Ax^AQ — {aAQ-\-P)^ C\, 

whcio Ci^aC—{AIAx)C . (5) 

Extensions of the Onsager Equation. — 

The ecpiation may be expected to fail at higher 
concentrations, not only because of the mathe- 
matical approximations involved in its deriva- 
tion, but also because its constants are functions 
of the properties of the pure solvent, which are 
likely to be modified in solutions of appreci- 
able ionic concentration. The only extensions 
which have been proposed are empiiical 
Onsager (Z c ) found that the equation 
A=^AQ—(aAQ-\-P)y/C-\-bC^ where 6 IS an empirical 
constant, gave agreement with experiment to 
somewhat higher concentrations, but Shed- 
lovsky (J. Amer. Chom Soc. 1932, 54, 1405) 
found that 

{A-^p^C)l(l-aVC)=Ao+BC . (6) 

where J5 is a constant, gave better results. 

By consideration of factois neglected in the 
simple derivation, further terms, DC log C—EC^, 
where D and E are fuither constants, were 
added (Onsager and Fuoss, J. Physical Chem 
1932, 56 , 2689) which lesulted in excellent 
agreement wuth experiment in some cases to 
(juite high concentrations. Thus the equation 

(/1+59 78v'0)/(l “0 2273\/^') 

= 149 86 f 141 96'+ 29 24/.' log 0-180 66’-^ (7) 

expresses the equivalent conductivity of aqueous 
})otassium chloride solutions at 25^c with negli- 
gible error up to molar concentrations of 0 12 
Such equations are not of \eiy direct theoretical 
interest, but are of use as accurate interpolation 
equations 

1). J G. L 

ONYX. A variety of chalcedomc sihca 
differing from agate only in the straightness and 
liarallelism of its differently coloured layers, 
and so suitable for engraving as cameos. The 
alternate bands of colour are usually white and 
black, or white and red , in sardonyx they are 
white and brown. Most of the onyx wuth 
intense differences in colour, as now placed on 
the market, has been coloured artificially by 
chemical means (v. Agate, Vol I, 163c). 

L J S 

OOLITE. A rock composed principally of 
small spherical or ellipsoidal grains, in texture 
lesembling the “ hard loe ” of fishes The in- 
dividual oolites are less than 2 mm in diameter , 
if the grains are larger (about the size of a pea) 
they are called pisolites Both oolites and 
pisolites are built up of concentric layers, usually 
around a minute nucleus of sand, shell fragment, 
or other foreign material, and commonly they 
exhibit an internal radiating structure. Oolites 
and pisolites are generally composed of calcite, 
Vol. IX.— 7 


dolomite, hematite, limonito, siderite, chamosite, 
bauxite, phosphate, or silica. Sedimentary and 
residual rocks of any geological age may bo 
chaiactenscd by oolitic structure. In this 
countiy oolitic limestones are best developed m 
the Jurassic system, and include such well- 
known building stones as the Bath oolite and the 
Portland Stone Oolitic hematite and limonito 
deposits constitute valuable iron ores in the 
Clinton area of the Appalachians, the Jurassic 
“ minette ’* region of Luxembourg-Lorrame, 
etc , elsewhere, a( cumulations of oolitic sidcritc 
and chamosite are mined for their non content. 
In many bauxite deposits the upper parts of the 
ore- bodies are characterised by distinctive oolitic 
and pisolitic structures 

D. W. 

OPAL, SiOgjwHgO. An amorphous hy- 
drated silica gel, with a variable water content 
rising to a maximum of 10%. It is commonly 
found in botryoidal and stalactitic forms, or as 
an infilling of cracks and cavities in certain vol- 
canic and weathered sedimentary rocks Opal 
is distinguished from fine-grained vaiieties of 
quartz by its infciior hardness (5-6) and lower 
specific gravity, which ranges from 1 9 to 2 3, 
mainly according to its water content The 
colour of opal is variable, but mostly white, or 
pale shades of yellow, red, and green, and the 
mineral often displays milky or opalescent 
cfiects, or an iiidescent play of colours. 

Among the many vaiieties of opal are the clear 
and colourless hyalite or water-opal ; the valuable 
piecious opal (including the so-called black opal) 
which exhibits an internal play of vivid colours 
duo to the interference of light reflected from the 
surfaces of thin curved cracks infilled with opal 
111 a state of hydration different from that of the 
matrix , fire opal^ wuth brilliant orange to rod 
reflections , wood opaly representing silicified 
fossil wood The best knowm localities foi 
precious opal are Czci wenitza in Czechovslovakia, 
Queensland, and the New South Wales areas of 
White Cliffs and Lightning Ridge, the latter 
being famed for its black opals. 

In addition to these compact forms of opal, 
there are also loose, friable forms such as 
gey sente or siliceous sinter y deposited by hot 
springs and geysers, as in Yellowstone Park m 
Wyoming, and diatomite (v. Vol. Ill, 579a), a 
sedimentary deposit consisting of myriads of 
microscopically small siliceous skeletons of 
diatoms. Diatomite (also known as diatomaceous 
earthy infusorial earthy kieselguhry or tripolite) is 
used extensively in filtration, especially in sugar- 
refining, and for filtering malt products, fruit 
juices, mineral oils, sewage, vitamin extracts, 
etc. In the form of powder or bricks, diatomite 
serves as an insulator m furnaces, refrigerators, 
and sound-proof rooms. It is also used as a 
light-weight filler in paints, rubber, plastics, etc., 
and as a mild abrasive in metal polishes. In 
1938 the world production of diatomite exceeded 
250,000 tons, of which the U.S.A. contributed 
over 100,000 tons (chiefly from California), and 
Denmark about 90,000 tons. The crucle di- 
atomite, which 18 usually dried and calcined 
before marketing, is sold in the form of sawed 
blocks, crushed aggregates, or powder. 

I D. W. 
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OP I AN 1 C ACIDS, CjoHigOg (positional 
isomers and pseudo-forms are known). 


COOH 

MeOr^NcHO 


MeOl 


I. 

COOH 


OMe 
Me 
III. 


OM^ 


MeOl 



COOH 


MeOl JCHO 
MeO 
IV. 


(I) Opianic acid, a-form, 5 G-dimotlioxy-2- 
aldehydobenzoic acid, m p. 150°, a fission pro- 
duct of narcotme and hydrastmo, obtained by 
oxidation of these alkaloids. For its piopara- 
tion, see Perkin et al , J C S 1925, 127, 197. 
The a-form exists in aqueous solution (Buu- 
Hoi, Amor Chcm Abstr 1942, 36, 6152) The 
pseudo-form of (I), m p 121°, has the structure 


CO 


\CH(OH)/ 


and exists in chloroform solution (Buu-Hoi, 

l.c ). 

(II) m-Opiamc acid, a-forra, 4 5-dimethoxy-2- 
aldohydobenzoic acid, m p. 183-184° (Pei kin 
and Stoyle, J C.S 1923, 123, 3176). 

(III) Fseudo-opiduic acid, a-foim, 3.4-dimeth- 
oxy-2-aldehy do benzoic acid, m p 121-122° 
(Chakra varti et al , Araer Chcm Abstr 1934, 
28, 6720; J. Indian Chem Soc 1934, 11, 715 

(IV) isoOpianic a^id, a-form, 4 5-dimotlioxy- 
3-aldehydobenzoic acid, m.p. 210-211° (Perkin 
et al, J.C.S. 1929, 193). 

J. N G. 

OPIAURIN, C22HigOg, a cherry -red amor- 
phous dyostuli prepared by addmg a mixtuie of 
phenol and opianic acid to concentrated sul- 
phuric acid. Other aromatic aldehydes react 
similarly (Liebermann and Seidler, Per 1887, 
20, 873). In presence of 73% sulphuric acid, a 
colourless product, CigH^^Og, is formed 
(Bistrzycki et al, ibid, 1894, 27, 2632, Note 3). 

J. N. G. 

OPIUM. Origin — Opium is the milky juice 
of the unripe capsules of Papaver somniferum 
Lmn., obtamed by incision and inspissated by 
evaporation. The plant probably originated 
somewhere in the countries bordering the Eastern 
Mediterranean, from whence it spread eastwards 
through Iian to India and China (Bentl. a. Trim. 
18; Kedhch, Apoth-Ztg. 1928, 43, 603). The 
two most important varieties cultivated for the 
production of opium appear to be glabrum, with 
subglobular capsules and ten to twelve stigmata, 
a,nd album, with egg-shaped capsules and without 
apertures (Boissier, Flora Onentalis, 1867, 1 , 
116). The former is grown m Asia Minor, and, 
until recently, in Egypt; and the latter is 
grown in Iran and ^India. A variety nigrum 


appears also to bo grown in Iran and the Balkans 
Numerous minor distinctions exist. In the same 
variety the petals may be plam or fringed, and 
may be white, red, or violet, with a dark purplish 
spot at the base m most cases. The seeds may 
be 'white or dark-coloured, and contain from a 
third to a half of their weight of fixed oil. The 
capsules are provided 'with a lactiferous system 
from which the juice exudes 'when they are in- 
cised. This milky juice is present in the plant 
in aU countries where it has boon grown, and 
opium may be collected provided that the rain- 
fall 18 not too great and the temperatuio is 
neither arctic nor entirely tropical. That its 
production has been confined for the most part 
to the countries named above was determined 
by other considerations, such as the value of 
land and the cost of labour. 

History — Certam of the pseudo-medical pre- 
scriptions in the Ebers Papyrus (ca. 1500 u c ) 
contain the opium poppy as an ingredient it is 
possible, though by no means coitain, that the 
Egyptians recognised that the medicinal value 
of the plant resided in the capsules, although of 
com so they did not extiact opium m the modern 
sense of the woid. It is strange that no further 
mention of the use of the poppy by the Egyptians 
aijpcais to have come down to us until the 
thirteenth ccntuiy (yirnon Januensis). Indeed, 
ftom Theophrastus m the third century b.c. for 
a peiiod of some 1,500 years the only variety of 
opium knowm in Europe was that derived from 
Asia Mmor. Dioscorides, writing m the first 
century a.d , points out that two \arietie8 of 
opium were m use in his time. One of those, 
resembling the opium of to-day, was prepared by 
incising the capsules Tlie other, “ meconium,” 
was extracted from the entire plant by means of 
a solvent. Similar accounts may be found m the 
works of Pliny and other Latin waiters. The 
nations of the East appear to have learned of 
opium from the Arabs, and it seems probable 
that the use of the drug was favouied by the 
Mohammedan prolubition of alcohol 

In classical times and in the Middle Ages 
“ eloctuaiies ” and “ theriacs ” containing opium 
mixed with honey and spices wxre often em- 
ployed. The alcoholic tincture of opium was 
first introduced by SSydenham in the latter part 
of the seventeenth century and m the next 
century appeared the pow'der bearing the name 
of Thomas Dover. 

The first accounts of the production of opium 
m Persia did not reach Europe till the seven- 
teenth century, although there is no doubt that 
the poppy was cultivated there much earlier. 
In India, cultivation is known to have been well 
established by the early sixteenth century. 
Opium was known m China at an early date but 
does not appear to have been largely cultivated 
at first as the Chinese obtained most of their 
opium from India. The importation was small 
and was used almost exclusively as a remedy for 
dysentery. In the fifteenth century opium 
smoking was introduced, perhaps from the East 
Indies, and the habit had become widespread 
by 1800. The Chinese authorities were mter- 
mittently alarmed at the growth of opium- 
smokmg and as early as 1729 issued an edict pro- 
hibiting the practice. Similar edicts followed 
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from time to time directed against the growing 
of the poppy and the importation of opium. 
Meanwhile m India the opium monopoly had 
passed in 1757, after Plassey, from the Moguls 
to the East India Company, under whose direc- 
tion the opium tiaffic was intensified. It must 
be admitted, however, that the policy of the 
central Chinese government was not consistent, 
nor was it always backed up loyally by the local 
authorities. In 1839, however, it was decided 
to enforce the law and a £2,000,000 stock of 
opium was destroyed by the Chinese This, 
together with more legitimate complaints i da- 
tive to restrictions placed on general trade, led 
to a war which terminated in the Treaty of Nan- 
king m 1842, a result of which was the opening of 
certain ports to foreign trade. The impoitation 
of opium was resumed, the amounts increasing 
until about 1880, when a steady fall began owmg 
to the expansion of Chinese home production. 
By 1882 the production m two provinces only, 
8ze(‘huen and Yunnan, was estimated at more 
than twice the whole Indian importation 
(Pharm. J. 1883, [iii], 13, 225 ; c/. J.S.C.I. 1888, 
409, 1890,74). 

The continued spread of opium-smoking 
eventually gave use to a national movement in 
China designed to stop both the importation and 
production of opium. It is pleasing to record 
that the British Covernment fully reciprocated 
the Chinese views, and, notwithstanding the 
serious loss entailed to the revenue of India, 
entered into an agreement in 1907 whereby the 
export of opium to China ceased by 1913 The 
Chinese policy of the gradual suppression of 
opium -smoking was attended by considerable 
success up to the time of the Japanese invasion 
111 1935 As IS well known, the Japanese de- 
liberately encouiaged the use of opium and 
morphine m those teintories under their 
temporary control. On their part* the Govern- 
ment of India has consistently puisued its policy 
of prohibition. Jn 1926 they determined to 
leduce supplies of opium to the Far East by 10% 
annually, so that such exports were extinguished 
by 1935 (DunniclilF, Natuie, 1937, 140, 92). 
The export of opium to I^lalaya and its use for 
smoking has now been prohibited (1945). 

Numerous attempts had been made during the 
seventeenth and eighteenth centuries to prepare 
active pimciples from opium, but no constituent 
of a definite nature was discovered until the 
beginning of the nineteenth century. Derosne in 
1803 noticed the separation of a crystalline body 
on diluting an aqueous extract of opium (Ann. 
Chim. Phys., 1803, [i], 45, 257). The basic 
character of this was demonstrated by Robiquet 
(ihid. 1817, [ii], 5, 275) and by him it was 
designated narcotine, Derosne had further 
observed that opium solutions are precipitated 
by alkalis, but thought that the precipitate was 
the same compound that ho had previously 
isolated. Seguin in 1804 described what was 
probably the chief active constituent of opium, 
but did not publish his observations until ton 
years later (ihid, 1814, [i], 92, 225). Meanwhile 
Serturner, an apothecary of Eimbock in Han- 
over, whose work extended from 1805 to 1816, 
had isolated morphine and had pomted out that 
it was to be regarded as the first member of a new 


class of substances, “ the vegetable alkalis.” 
With regard to Serturner ’s claim it is to be noted 
that although narcotine had been isolated before 
morphine, its properties as an alkaloid were not 
ascertained until afterwards. During the same 
inquiry, in 1806, Serturner also brought to light 
meconic acid, which is characteristic of opium. 

Raw Opium . — Fresh opium is a brownish solid 
of somewhat plastic nature which becomes tough 
and occasionally brittle on keeping. The com- 
position vai les widely accordmg to the source ; 
a rough idea of the percentage composition of 
the usual commercial varieties is afforded by the 
following figures : 


Moisture . . .... 6-15 

Ash . 4-8 

Morphine ... . . 8-17 

Narcotme . 4-10 

Other alkaloids 1-7 

Meconic acid 3-7 

Total extractive mattei . 55-60 


The ash consists mainly of calcium and 
magnesium sulphates. The extractive matter 
includes certain neutral bodies, of which the 
most important is meconino. Some 40-50% 
of opium IS composed of indefinite gummy and 
resinous matter, together with pectin, albumm, 
and insoluble debris, the last consisting of frag- 
ments of capsules, wax, caoutchouc, calcium 
salts, etc. According to Hesse (Bcr 1889, 3, 
637) the wax, of which 1-4% may bo present, is 
a mixture of cerotyl palmitate and cerotyl 
cerotato. A trace of a sugar is also present. 
Poppy ]uico contains no starch or tannin, so that 
detection of these bodies in opium would indicate 
adulteration. Opium invariably contains am- 
monium salts. According to Thomson (Chemist 
and Druggist, 1920, [ii], 772) the average amount 
of ammonia present, wdiatever the variety, is 
about 0*2%, 

The alkaloids are, of course, the most im- 
portant constituents and are discussed later. 
According to Kerbosch (Arch Pharm. 1910, 
248, 536) poppy seeds are alkaloid-free and the 
various alkaloids make their first appearance m 
the green parts of the plant at widely different 
times. Narcotme was the first alkaloid w'hich 
could be detected, and appeared 3 days after 
sproutmg. Thereafter came codeine (after 30 
days), morphine and papaverine (each after 
36 days), and lastly thebaine. Narceine could 
be found only in the seed capsules and hence 
was probably not a transfoimation product of 
narcotine which occurred in all parts of the 
plant. 

Opinions differmg somewhat have been ex- 
pressed as to the mode of combmation of the 
alkaloids in opium (see Dott, Pharm. J. 1884, 
14, fill], 389; Dohme, Amer. J. Pharm. 1891, 
73, 164 ; Annett and Bose, Mem. Dept. Agric. 
India, 1922, Chem. Series 7, 215). In general it 
may be stated that the sulphuric acid in opium 
IS present wholly or mainly m inorganic com- 
bmation, that the alkaloids are present wholly 
or mainly as meconates, and that the almost 
mvariable acid reaction of opium is due to dis- 
sociation of the meconates of such weak bases 
as narcotine and papaverine. Biscaro (see Year- 
Book of Pharmacy, 1921, J18) records that he 
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has met with two samples of opium possessing 
an alkaline reaction. This must certainly be 
regarded as abnormal 

Production. 

Asia Minor — Opium is collected in Asia 
Minor for the most part by small peasant 
proprietors, the largest quantity being obtained 
from the western districts The poppy grown 
is the variety glabrum, and the flowers are 
purplish, or sometimes white The plant grows 
in both elevated and lower situations, and 
requires a moist soil and much attention and 
skill on the part of the cultivator. Details of 
the mode of preparing the soil and of the manage- 
ment of the Cl op are given by Maltass (Pharm J 
1855, [i], 14, 395) and Heffler (ibid, 18()9, [ii], 10, 
434). (See also ibid 1883, [in], 13, 918 ) The 
crop IS sometimes destroyed by early frosts, 
or the attacks of locusts The seed is sown from 
November to March, and the flowering takes 
place from May to July. The capsules are 
ready for incision a few days after the petals 
have fallen, and are then about IJ in. in dia- 
meter According to Wallis (ibid 1939, 143, 
489), a special knife is used w'hich ends in se\en 
very small blades. These project only some 
1 5 mm , so that too deep cuts cannot be made. 
The knife is drawn horizontally around the 
middle of the capsules, preferably in the after- 
noon The folio wung moining the partly 
hardened juice is scraped off, bulked, and trans- 
mitted to the Government factory at Istanbul 
An important addition to the piofits of the 
opium culture is the sale of poppy seed, from 
which the scmi -drying oil is expressed and used 
for cooking, soap manufactuio and othei pur- 
poses (Maltass, Heffler, and Scherzer, ibid 1881, 
[ill], 11, 835). 

The Turkish Government monopoly opium 
IS expoited in sub-cylmdrical masses about 
9 cm high and 15 cm greatest diameter, w'Cigh- 
ing about 2 kg Each case of opium contains 
40 such blocks This opium usually contains 
morphine 12-13 and codeine 0 8-10% This 
IS the variety preferably employed for the pro- 
duction of powder, tincture, and other medicinal 
preparations | 

In 1939 the area given over to the cultivation 
of the opium poppy was 31,120 hectares, and 
the production of opium w'as 262,309 kg. (These 
figures, as well as corresponding figures for other 
countries, are taken from League of Nations 
Publication 1942, xi, 1 ) Normally about 90% 
of the export is used for manufacturing purposes. 

Iran — The quantity of opium produced in 
Persia has for many years been steadily expand- 
ing and the quality has been improved After 
1870, Persian opium steadily displaced Indian 
opium in the Chinese market, and, quite apart 
from the considerable home consumption for 
smoking purposes, trade with central Asiatic 
territories appears to be extensive. In 1939 
about 65% of the production, considered on the 
morphine content, was consumed by smoking 
Opium for this purpose is obtained by cutting 
the capsules in the early morning and collecting 
the juice before sunrise to avoid discoloration. 
The juice is dried in sheds until the weight is 
reduced by about one-sixth and is then mixed j 


with 20-50% of Sarcocolla gums, grape juice, or 
other foreign material The product is then 
gently boiled and the resulting paste is moulded 
into bricks or sticks which are wiapped m paper. 
The chief centre of cultivation is the area around 
Ispahan, but the Shiraz and Bushire districts 
also furnish supplies. In 1939 some 17,000 
hectares furnished 672,000 kg., most of which 
consisted of opium prepared for smoking and 
hence jioor m alkaloids. 

The manufacturing grade of opium is wrapped 
in paper and packed into cases containing 80 
rectangular blocks having an average w^eight of 

1 kg. Persian opium, like Turkish, is a faiily 
light brown in coloui, but has a less granular 
appeal an ce on cutting It is harder and more 
brittle than the Turkish variety, largely owing 
to its lesser moisture content. Extraction with 
water is apt to give a rather sticky marc, and so 
this opium IS not much employed for the prepara- 
tion of opium galenicals. A sample examined 
by Jormstad (►Schweiz. Apoth -Ztg. 1922, 60, 691) 
contained moiphmo 10 69, meconic acid 5 5, 
codeine 3 23, narcotme 11 26, water 8%. 
Usually the morphine range is 12-13 5% and the 
codeine less than the figure given by Jermstad, 

2 25% being a reasonable average 

India . — Opium used to bo one of the most im- 
portant products of India. It is a Government 
monopoly in the British area, and is cultivated 
free in certain of the Native States, but must pay 
duty if sent out of these states The two aieas 
of cultivation are in the United Provinces and 
in the Malwa district of central India In 1937 
the areas under cultivation were 2,576 and 8,101 
hectares, respectively, producing 47,381 and 
191,410 kg opium About 75,000 kg of the 
production of the Indian States was purchased 
by the central government. The total area 
under cultivation shows a continuous decline 
from about 769,000 acres in 1903 to 241,000 acies 
in 1912 and 26,700 acres in 1937 An historical 
review of the Indian cultivation is given by 
Zekert, Arch. Pharm 1926, 264, 237. 

Normally, practically all the product is 
retained, but in both world wars India has 
proved a valuable source of opium for manu- 
facturing purposes Large quantities of opium 
were formerly expoited to Ear Eastern countries 
This trade has now vanished In 1907 an agree- 
ment was entered into whereby the amount 
exported to China should be reduced annually, 
and in 1913 this trade was brought to an end 
(Bull Imp Inst 1915, 507) Again, in 1926 it 
was agreed that supplies of Indian opium to 
other opmm-smoking countries (except Burma) 
should be reduced annually by 10%. A con- 
siderable financial sacrifice was involved, for in 
1926 the revenue from the sales was £750,000 
and 10 years later it was nil (Dunniclift, Nature, 
1937, 140, 92) Dunnicliff points out that most 
of the opium retained in India is used as a 
common household remedy for various com- 
plaints. 

The poppy grown in India is of two varieties, 
Bengal opium being mainly derived from white- 
flowered races, whilst Malwa opium is largely 
obtained from plants with purple flowers (Bull. 
Imp. Inst. 1915, 512). In addition to the 
dangers to which the crop is exposed in Asia 
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Minor, the Indian plant is liable to the attacks 
of a parasitical broom-rape, which attaches 
itself to the roots In Bengal the seed is sown 
in November and the capsules are ready in 
February or March. They are then scarified 
vertically with a many-bladed instrument 
(Pharm. J , 1852, [i], 11, 207). The operation 
18 repeated 2-fi times in the course of a few days, 
the exuded juice being scraped off each morning 
In the Malwa aiea there is a practice of dipping 
the collecting knife in linseed oil occasionally to 
prevent the juice adheiing Oving to the heavy 
dews the Indian juice is much moister than the 
Turkish (ibid 1852, [ij, 11, 209). Accoiding to 
Leake (Ague. J. India, 1920, 15, 124 , Phaim J. 
1922, 108, 192) the oldest poppy e«ipsule8, that is 
the terminal ones, produce opium of greater 
morphine content than the lateral ones. Also, 
opium from the first mc'ision, performed about 
a fortnight after petal -fa 11, may contain as much 
as 20% of morphine, an amount which falls off 
rapidly in the products of subsequent lane mgs 
In practice, latex from the different laneings is 
mixed and made into a standard opium at 
Ghazipur 

Indian opium, as it reaches this country, is 
packed in cases holding about 100 lb and con- 
taining roughly rectangular blocks of about 2 lb 
m weight These are wrapped in paper, which 
IS usually oiled In colour the blocks aie dark- 
brown, sometimes almost black, and are often 
somewhat brittle. In general the percentage of 
morphine is 9-10*5, and of codeine about 2-3 
The amount of papavciine present is low', and 
sometimes it cannot be isolated at all (Van 
Itallie and Kerbosch, Arch Phaim 1911; 248, 
609). Rakshit gives some interesting analytical 
data regarding Indian opium (Analyst, 1921, 
46, 481 ; 1926, 51, 491 , Ind J Pharm 1932, 53) 

Yugo-jSlavin — Cultivation of the opium poppy 
in southern Serbia began in 1865 from Turkish 
seeds. The production of opium in 1938 was 
53,200 kg , all of which was employed in manu- 
facturing processes Accoiding to Wallis (Phaim 
J 1939, 143, 489) the capsules are incised by the 
use of a knife with a small curved and pointed 
blade, a circular erpiatorial scratch being made 
The raw opium is mixed at the Government 
factory in Belgiade, and is made into flat oblong 
cakes with rounded ends, 1 5-2 5 cm thick, 
18-20 cm. long, and 6-7 5 cm. broad These 
cakes weigh 160-225 g and are packed with 
Rumex fruits m cases holding about 160 lb. 
Yugo-Slav opium is a haid, brittle variety, 
usually containing 15-17% of morphine and 
9-11% of moisture A sample examined by 
Jermstad (!Sweiz. Apoth -Ztg 1922, 60, 691) con- 
tained morphine 13 9, narcotme 4 7, codeine 2 1, 
meconic acid 5 9% The codeine, however, does 
not usually reach 2% Further information is 
given by llrunctti. Bull Sci pharmacol 1918, 
25, 95, and by Vrg6c, Chemist and Druggist, 
1930, 112, 100. 

Egypt , — Egyjitian opium was never exported 
in very great quantity, and the cultivation of the 
poppy IS now illegal The crop is so profitable, 
however, that attempts at illicit production are 
still made. In 1936 the Egyptian Government, 
with the aid of aeroplanes, detected about 800 
acres devoted to poppy cultivation, hidden in 
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small patches among other crops (Pharm. J. 
1937, 138, 629). 

AuMralia — There has been a small production 
of opium m Queensland, and especially in 
Victoria, since 1868. Successive sowings are 
made from May to July , the quality and yield 
of opium are average For information regard- 
ing this variety of opium, see. Pharm. J 1871, 
[ill], 1, 272, 543, 972. The isolated position of 
Australia has fosteicd production dining the 
Second Woild War, and a factory for the manu- 
facture of opium alkaloids from the home-grown 
poppy came into production at the end of 1943 
(Chemist and Druggist, 1943, ii, 316) The 
whole dried plant is employed as raw material, 
as in the Hungarian process. 

Russia — Since 1925 the cultivation of the 
opium poppy (mainly in Turkestan) has made 
great stiides, and in 1937 85,280 kg. of opium 
weie obtained from about 10,000 hectares 
Much attention has been given to production of 
the most valuable stiams Nilov (Bull Appl. 
Bot , Genetics and Jdant-Breeding, 1934, 
holies A, 11, 21) examined vaiious new sub- 
vaiieties, one of which gave an opium containing 
28% of morphine Vorozhtzov and Troshchenko, 
((Wpt rend. Acad Sci U.R S S 1935, 555) 
observed that samples of poppy latex analysed 
2 hours aftei gathering showed about 20% of 
morphine, while, if allowed to stand until next 
day, the peicentage dropped to about 12 They 
ascribed this diminution to atmospheric oxida- 
tion in presence of enzymes and found that the 
juice could be stabilised with potassium fluoride 
for seveial months Their results, however, had 
been foreshadowed by Descharmes, who found 
that the morphine eontent diminished when the 
juice was slowly dried (J. Pharm. Chim. 1867, 
[iv], 6, 222) 

Bulgaria has had a small production of about 
7,000 kg per year since the days of Turkish 
dominion The type of opium produced re- 
sembles that of Yugo-Slavia; thus, of 119 
samples examined by Nikolov (Rev Inst. Agron 
Res. Bulgaria, 1922, 2, 217), 62% contained 
17-21% of morphine. 

Other Areas . — Attempts have been made in 
most European countries, especiaUy France, 
Germany, Denmark, and Italy, and also in 
North America, to cultivate the opium poppy. 
The results have shown that, provided the soil 
IS suitable and the rainfall not excessive, it is 
possible in all these countries to produce opium 
the quality of which is at least equal to that from 
Asia Minoi The cost of collection has, however, 
invariably proved too high to allow effective 
competition with opium derived from the usual 
Elastern sources. For this reason the results 
obtained wull not be discussed in detail. 

There has been, however, in recent years an 
mteiestmg development which appears likely to 
be permanent. Kopp in 1930 proposed that the 
whole poppy plant should be worked up for 
alkaloids without the intermediate formation 
and collection of opium. Ho anticipated that the 
yield of alkaloid from the fresh plants would be 
in the region of 0 03-0 036%, of which half to 
one-third would be morphine (Pharm. Weekblad, 
1930, 67, 125). Kabay wrote to much the 
same effect (Pharm, Monatsh. 1930, 11, 73), and 
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eventually elaborated a process m which the 
dried disintegrated pla;it-parts were subjected 
to a preliminary extraction with sulphurous acid. 
This process received patent protection in 
Germany, the USA. (U S.P 20091 81, 1935), and 
Hungary (Hung.P. 109778, 1934). Somewhat 
similar processes have been patented by HofF- 
man-La Roche in the USA (U S P. 2132945, 
1938) and in Switzerland. The method does not, 
however, appear to have been worked com- 
mercially except m Hungary, and since 1943 in 
Australia, and in Germany during the war 
(Kussnor, Mercks Jahresber. 1940, 29). The 
actual yield of morphine from dry poppy-straw 
IS 0 08-0 1%, and from the capsules up to 4 
times this amount (Goris, Bull Sci pharmacol 
1938, 45 , 265 ; Kussnor, I c.). Although these 
amounts are small the potential importance of 
the process lies in the fact that the raw material 
may be regarded as a by-pioduct from the 
manufacture of edible poppy-seed oil (Goris, lx ). 

The opium poppy has in the past been an im- 
portant product of China, but it is unlikely that 
it will again bo grown except for the purpose of 
supplying the legitimate medicinal needs of the 
country. In the past it has often interfered with 
the growing of cereals and other food crops and 
contributed to food shortage Strains con- 
sidered suitable for smoking have been grown. 
These give opium poor in morpliine, as shown by 
past analyses which record values of 2-6% 
According to Chasovnikova (Biokhimya, 1937, 
2, 701) the Chinese poppy yields neither papa- 
verine nor narcotine. The latter statement is 
not in agreement with those of previous analysts 
who have on occasion reported the presence of 
as much as 7% of narcotme. Arima and Iwakiri 
stated in 1938 that Manchurian opium is un- 
usually rich in codeine and thebaino and may 
contain up to 4% of each In 1937 the area of 
poppy cultivation was about five-sixths of that 
m Asia Minor and about 890,000 kg. of opium 
were produced, mostly for smoking. 

Machiguchi (J Pharm Soc Japan, 1926, 185) 
has given the most detailed description of 
Japanese opium. His analyses give the average 
percentage of 19 different alkaloids. The 
morphine content was usually 10-15%, codeine 
about 0 8%. Japan, including Korea, produced 
52,139 kg of opium in 1938. 

The opium -smoking habit is widespread in 
Afghanistan, which was estimated in 1932 to be 
producing about 75,000 kg. of opium per year. 

Physiological Action and Uses. 

Opium IS one of the most important remedies 
available for use m medicine. Its action is on 
the brain, dulling the sensation of pain, and pro- 
ducing sleep. In doses of a grain or less, a stage 
of slight excitement supervenes during which the 
individual can control his energies. In 1-2 grain 
doses the stage of excitement is short and is 
succeeded by deep sleep, after which there is 
more or less nausea and headache If large doses 
of 3 grams or more are administered the excite- 
ment IS very short and is followed by sleep which 
becomes more and more comatose until the 
patient cannot be aroused. If death takes place 
the respiration ceases first. Although opium is 
niamly used for the alleviation of pain, either 


generally or locally, with or without the pro- 
duction of sleep, it has many special apphcations 
in the treatment of disease. 

Opium IS generally employed as a dehydrated 
powder, standardised by the addition of lactose or 
calcium phosphate to contain 10% of morphine ; 
or as a tincture containing 1% of morphine , or as 
a 20% extract. Such pieparations, with others 
less used, are official in most Pharmacopoeias. 
In recent years a preparation termed “ Papa- 
veretum ” in the B P C has obtained a certain 
vogue. It consists of a mixture of the hydio- 
chlondes of the principle alkaloids of opium, and 
IS standardised to contain 50% of morphine 

The action of opium m stimulating and then 
depressing gives rise to the desire to repeat the 
dose. In this way the habit of “ opium eating ” 
IS contracted. The w^orst effects of opium are 
thus obtained. It deranges the nervous system, 
and impairs the intellectual and moral and finally 
also the physical pow crs. I)e Qmncey’s descrip- 
tion of his own expciieruo is well known. 

A large quantity of opium is still used for 
smoking. The habit is behoved to have 
originated in Persia and spread over the Orient, 
prevailing to the greatest extent amongst the 
Chinese The operation of opium-smoking has 
been desciibcd by S.impson (Pharm J. 1881, 
[ill], 11, 22) The pipe has a flat bowl made of 
metal with a veiy small opening A drop of tb(‘ 
soft opium is taken on the point of a “ dipper ” 
and dexterously roasted in the flame of a little 
lamp until witli constant burning it lias the 
appearance of burnt worsted Then, aftei the 
bowl of the pipe has been warmed, the ding, 
about the size ot a hemp-seed, is placed about the 
opening in the bowl, the pipe taken in lh(‘ mouth, 
and the opium ignited. The smoko is paitlv 
swallowed or inhaled and partly exhaled b\ the 
mouth and nose The preparation for smoking 
occupies 5 to 10 minutes, but the ac'tual smoking 
only about 30 seconds {Hec also McCallum, 
2 bid 1881, [ill], 11,229, 1882, 12,440; Calvert, 
ibid 1882, 12, 148 ) 

The physiological action of opium smoked in 
this way is clearly quite different from that 
obtained by taking it into the stomach, or from 
the effect produced by the equally deleterious 
practice of hypodermic injection of solutions of 
morphine or heroin. It is notew^orthy that 
those opiums most highly prized for smoking 
contain a small percentage of morphine It 
would seem that although certainly detrimental 
to the working of both mind and body the habit 
of opium smoking is not quite so injurious as 
generally believed by Europeans. Opium in the 
East seems to perform the same function as 
alcohol in the West, and, as far as can bo a'-ccr- 
tained, with about the same bad effects when 
indulged in too freely (c/. Bird wood, ibid 
1882, [ill], 12, 500; Spence, ibid. 1883, 18, 226 , 
McCallum ibid, 1884, 14, 27 ; James, ibid, 1888, 
18 , 280). 

Commercial Manufacture of Opium 
Alkaloids. 

The Gregory method for the manufacture of 
morphine was adumbrated by Robertson (J 
Pharm. 1833, [ii], 19, 158). According to the 
Robertson-Gregory method, opium wag extracted 
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with lukewarm water and the liquid was mixed 
with excess of chalk and filtered. Slight excess of 
calcium chloride was added to the syrupy filtrate 
which was then diluted with water. This preci- 
pitated a sludge of rosins, calcium meconate, etc , 
which was filtered off. On concentrating the 
liquid, or on salting out with hydrochloric acid 
from a solution of sp gr. 1 020, “ Gregory’s salt ” 
crystallised out (Gregory, Annalen, 1833, 7, 261). 
This was regarded as morphine hydrochloride, 
which indeed it Avas essentially However, 
Kobiquet (ibid 1833, 5, 106) had shown that 
“ Gregory’s salt ” on precipitation with am- 
monia did not yield the expected amount of 
morphine. On evaporating the ammoniacal 
mother-liquid and adding potassium hydroxide 
he obtained a new alkaloid, codeine, which had 
not been tliroAvn down to any great extent by the 
ammonia. I’lie Gregory method was, therefore, 
altered m the direction indicated, and was later 
extended to include the production of other alka- 
loids (Anderson, ibid 1853, 86, 179). According 
to Anderson, the black mother-liquids fiom the 
separation of morphine and codeine were diluted 
and ammonia Avas added This retained nar- 
ceine in solution and precipitated narcotino and 
thebaino. From an alcoholic extract of tlio pre- 
cipitate narcotine separated on cooling Alcohol I 
Avas evaporated from the mother-liquid and the 
residue was treated Avith dilute acetic acid and 
basic lead acetate. This removed narcotine and 
lesins, and after getting nd of dissolved load 
Avith sulphuiic acid thebaino could bo thrown 
down by ammonia. For narceine the original 
ammoniacal liquid was subjected to a lead treat- 
ment, and after removal of lead and neutrali- 
sation with ammonia was gently evaporated to 
the crystallisation point. It av as later found that 
crude narcotino (*ontained papaverine, which 
'^ould be sejiarated out as an acid oxalate, 
owmg to its more sparing solubility. 

Of those more modern processes for utilising 
opium which have been published reference may 
be made to the folloAving. 

Kancwskaia (J. pr Chem. 1924, [ii], 108, 247) 
extracted opium AAith 4 parts of water and con- 
centrated the extract to the weight of opium 
taken An equal volume of alcohol was added 
to the syrup and then excess ammonia. 96% 
of the contained moiphino was precipitated after 
24 hours, together with some narcotine, which 
was dissolved out with benzene. The ammonia- 
cal mother-liquid was also extracted Avith 
benzene. From this, dilute acetic acid removed 
codeine and thebaino but not the weak base 
papaverine. The codeine and thebame w^ere 
separated by addition of ammonia, Avhich threw 
down thebame, and the codeine was then ex- 
tracted with chloroform. 

. According to Ishikawa and Maruta (Bull. Hyg. 
Bos. Inst. Jap. 1929, 35, 19) opium is leached 
with water, treated with a large excess of lime 
and filtered. Morphine and codeine may bo 
obtained from the filtrate in the usual manner. 
The lime-marc is extracted with benzene, which 
18 then distilled off. The residue consists chiefly 
of narco tine, papaverine, and thebame. Addi- 
tion of a regulated amount of acetic acid to this 
residue does not dissolve narcotine, Avhich may 
be filtered off. The mother-liquid is neutralised 


with sodium hydroxide, thus precipitating papa- 
verine, which may be purified as oxalate. Ex- 
cess alkali added to the neutral filtrate precipi- 
tates thebame, purified as tartrate. 

For other processes, devised by Busso and 
Busse (Khim Farm Prom 1933, 127) and 
Chomnitius (Pharm. Zentr. 1929, 70, 101) refer- 
ence should bo made to the original papers or 
the appropriate abstracts. Mention may also 
be made of a scheme proposed by Dott, which is 
to bo found m Allen’s “ Commercial Organic 
Analysis,” 6th ed , Churchill, 1929, Vol. VIl, 
p. 671. Plugge (Arch. Pharm. 1887, 24, 994) 
elaborated a method for separating the six 
principal alkaloids from opium, which however 
could baldly be used as a basis for manufacture. 
An interesting account of a modem German pro- 
cess 18 given in Pharm. J. 1 945, 155, 220. This 
IS based on the description given m J Schwyzer’s 
“ Fabrikation der Alkaloido,” Springer, Berlin, 
1927. 

Extraction of Minor Alkaloids from 
Opium. 

Contributions to the knoAvIcdgo of the syste- 
matic extraction of minor alkaloids from opium 
have been made bv Plugge (Arch. Pharm. 1886, 
224, 993) and Merck “(Annalen, 1836-39, 18, 
79 ; 21, 202 , 24, 46). Hesse, however, has been 
the most indefatigable worket m this field (5ee 
ihid 1870, 153, 47, 1894, 282, 209, Annalen 
Supp] 1872, 8, 262, 272). The following descrip- 
tion of Hesse’s methods is duo to Kaudor (Arch. 
Pharm 1890, 228, 419) 

An aqueous extract of opium is treated with 
calcium clilonde and the precipitated meconate 
IS filtoied off. On concentration, the hydro- 
chlorides of morphine, pseudomorphine, and 
codeine crystallise out in turn. The residual 
liquids are diluted and the remaining alkaloids 
precipitated by ammonia, the precipitate being 
dissolved in acetic acid, filteied, shaken with 
ether to remove certain non-alkaloidal bodies, 
and made alkaline Avith excess sodium hydroxide. 
By this proccduio there is obtained a precipitate 
(A) and a filtrate (B) containing the phenolic 
alkaloids together with some of the cryptopine. 

The precipitate (A) is dissolved in the least 
amount of warm dilute alcohol containing a 
slight excess of acetic acid. Dilution with 3 vols, 
of boiling water hydrolyses the acetates of the 
weak bases narcotine and papaverine and throws 
doAvn the free alkaloids, from which filtrate ((!) 
IS obtained. The papaverine and narcotine arc 
separated by converting to acid oxalates and 
crystallising out the salt of the former base. 

Filtrate (C) is concentrated to remove alcohol. 
On adding tartaric acid solution thebame is pre- 
cipitated as acid tartrate. The filtrate from the 
thebaino is neutralised with ammonia and 3% 
solid sodium bicarbonate is dissolved in it. Aftei 
standing for a week a small amount of dark- 
coloured tar is removed. The clear filtrate is 
treated with ammonia and the solid obtained is 
extracted with hot benzene, giving a solution (D) 
and a residue (E). When (D) is shaken with a 
solution of sodium bicarbonate a precipitate is 
obtained which is found to consist essentially of 
laudanosine, and, on filtering the benzene and 
passing in dry hydrogen chloride, crystals of 
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liydrocotarnine hydrochloride are obtained. The 
residue (E) is mainly composed oi protopine and 
cryptopine. These are separated by conversion 
to hydrochlorides and crystallisation from water, 
m which protopme hydrochloride is only slightly 
soluble 

The alkaline filtrate (B) is neutralised with 
hydrochloric acid, and after adding excess 
ammonia the liquid is extracted with ether The 
ethereal liquid is shaken out with acetic acid, 
the acid solution is neutralised with ammonia, 
and after 24 hours lanthopim has separated On 
adding more ammonia to the filtrate a precipi- 
tate IS obtained which is dissolved in hot dilute 
alcohol. On cooling, lavdanine and laudayii- 
dine with some cryptopine are obtained. The 
remaining alcoholic solution is evaporated and 
gives a residue from which codamine can be 
isolated as hydriodide. 

Assay of Morphine m Opium. 

The market value of opium depends on its 
content of morphine, the alkaloid from which 
most of the medicinal value of the drug derives 
For this reason the assay of opium for morphine 
has attracted much attention The first paper 
dealing with this assay appears to be one by 
Guillermond (J. Pharm. Chim. 1828, 14, 436) 
kSince then the bibliography has become so 
voluminous that no attempt can be made here 
to discuss it in detail. 

OfHcial methods of assay generally make use 
of the solubility of morphine in lime-w'ater in 
Older to sepaiate this alkaloid from the others 
present w'lth it Typical of such methods is that 
of the British Pharmacopoeia (1932), which gives 
the following directions 8 g of opium arc 
triturated with 10 ml of water in a mortal to 
give a uniform mixtuie, which is then thoroughly 
incoi porated woth 2 g of calcium hydroxide and a 
further 20 ml. of w\atei The contents of the 
mortar are transferred to a tared flask using suffi- 
cient water to produce 90 g. The flask is shaken 
occasionally for half an hour and the contents 
are then filtered 52 ml of filtrate are col- 
lected, representing 6 g of opium To this fil- 
trate, contained in a small flask, are added 5 ml 
of alcohol, 25 ml. of ether, and 2 g of ammonium 
chloride. The whole is shaken for 5 minutes, 
and then occasionally for half an hour. Next 
morning, the ethereal layer is decanted through 
a funnel fitted with a plug of cotton -w’ool The 
flask is rinsed out with 10 ml of ether, followed 
by 5 ml , both quantities being passed through 
the wool Finally, the aqueous liquid is poured 
on the filter and the flask rinsed well with a 
saturated solution of morphine in water Ac- 
cording to the official directions the morphine 
left on the filter is now washed back into the 
flask and dissolved m 20 ml of 0 In. sulphuric 
acid. The excess of acid is titrated with 0 In 
sodium hydroxide, using Methyl Red as indicator 
To the amount shown by the titration 0 052 g is 
added to compensate for loss of morphine due 
to its solubility. This process with suitable 
modifications serves to determine morphine in 
all simple extracts and tinctures. 

In the U 8. P 1942,6g of opium ai e thoroughly 
extracted with water. The extract is partially 
evaporated, triturated with lime and filtered. 


Morphine is precipitated from the filtrate by 
adding ammonium chloride and shaking. 
Alcohol and ether are added as in the B P The 
morphine is filtered off and washed and the 
crystals dissolved from the filter by the repeated 
passage of small quantities of boiling methanol. 
After dilution, most of the methanol is 
evaporated off and the morphine is titrated with 
0 In acid There is no solubility correction 

It has long been recognised that the excellent 
results obtained by methods such as that of the 
B P depend for their repioducibility upon a 
faithful adherence to the prescribed conditions, 
whereupon a somewffiat fortuitous cancclling-out 
of vaiious errors occurs. 

A criticism that has often been made is that 
phenolic alkaloids other than morphine are dis- 
solved as calcium salts and subsequently precipi- 
tated by ammonia. About 2% of the crude 
morphine obtained consists of such alkaloids 
(Hakshit, Analyst, 1931, 56, 711) Again, 
codeine is soluble in aqueous liquids and passes 
thiough to the final stage with calcium mor- 
phinate When ammonium chloride is added 
some of the codeine appears to bo jiiecipitated 
with morphine in the form of a mixed crystal 
from which it is not easily extracted by the ether 
used in the assay. Rakshit puts the additional 
w^eight thus conferred at .ibout 3%, and this 
view IS also taken by Rosin and Williams (3 
Amer. Pharm. Assoc. 1935, 24, 1053). On the 
other hand Rakshit considers that the piescnco 
of codeine in the final liquid hinders the complete 
separation of morphine Another factor wdiich 
tends to reduce the alkaloid titrated is the almost 
certain alisorption of some morphine on the lime- 
containirig marc from which the solution of cal- 
cium morphinate is filtered (Rosin) This by 
no means exhausts the possible sources of error 
in the asvay Two more of these may be men- 
tioned here In the first place it is evident that 
discrepancies may result from the varying 
amounts of water and extractive contained in 
difleient samples of opium 8econdly, calcium 
ammonium meconate (about 2% ; Rosin) is 
precipitated with the morphine and is titrated 
as morphine unless the latter is dissolved away 
by methyl alcohol or other solvent 

Recognition of the errors inherent in the lime 
method caused the League of Nations to institute 
research directed towards the provision of an 
international method of assay. As a lesult a 
process was recommended which in its essentials 
was that of the B.P. 1932 (Bull Health Org. 
L N. 1938, 7, 429 ; see Year-Book of Pharmacy, 
1938, 767). The principal ditterences consist in 
the provision of corrections for the moisture in 
the opium and the extractive matter m the lime 
filtiatc As in the U.S P. process, the crude 
morphine obtained is purified by dissolving m 
warm methyl alcohol and filtering. Certain 
difficulties have thus been removed, but the 
method has not escaped criticism. 

Of those processes which involve determina- 
tion of morphine as a derivative mention will 
only be made of that due to Mannich (Arch. 
Pharm. 1935, 273, 97). Mannich makes a hme 
extract of the opium, frees the filtVate from cal- 
cium by adding oxalate, and precipitates the 
morphme as the 2:4-dinitrophenyl ether. The 



OPIUM. 


105 


results are somewhat high, mainly owing to co- 
jDrecipitation of other ethers, and are improved 
by shaking out the lime filtrate with ethcr- 
cliloroform before the final step (Winterfeld 
€t al , ibid. 1937, 275, 445). 

Opium Legislation. 

Legally considered, morphine is a “ dangerous 
drug.” This means, not an unusually poisonous 
substance, but one the uncontrolled use of 
w Inch leads to addiction Such compounds have 
been subiect to international control since the 
close of tlie Lust World War. When the peace 
conference met at Pans, ratification of the 
opium convention signed at the Hague in 1912 
\vas made one of the terms of the Treaty of 
Versailles The peace conference inserted m the 
Covenant of the J^eague of Nations a provision 
which enti listed the League with the super- 
vision and execution of existing conventions in 
regard to dangerous drugs This work is to be 
earned on by C N O So far as Great Britain 
IS concerned the various agreements reached at 
MjnfereiH'cs of the League have crystallised in 
the form of Regulations dating 1920-37 The 
bioad effect of these is that the import, export,^ 
trade in, and manufacture of opium, oi its* 
medicinal preparations, or of morphine and its 
derivatives is strictly conti oiled and may be 
(arned on only by liceiuo Power has been 
taken to bung under control any new pioducts 
denied from o])ium alkaloids which are capable 
of pioducing addiction or which may be eon- 
V (Tted into chugs of this nature 

OPIUM ALKALOIDS, 

Opium occupies a unique position in respect 
of the number of alkaloids which it contains. 
These arc dc\dt with in detail below and fall 
naturally into five groups (a) The morphine 
grouj), which contains the important alkaloids 
moiphme, codeine, and thebame ; (6) the 

berizyh^ociuinoline group, the most important 
members of which are papaverine and narcotme ; 
(r) dir.5oquinolmo alkaloids such as cryptopine, 
{d) tetrahydror^’oqumolinc alkaloids, represented 
c>nly by hydrocotainine , and (e) alkaloids of un- 
known constitution 

(a) MoRruiTSfE Grolp. 

Morphine. Ci^H^gOgN —This, the first vege- 
table alkaloid knowui, was isolated by Seturnei 
in 1805 (TrommsdorlT’s Journal der Pharmazic, 
13, 234, see also Ann Chim Phys 1817, [ii], 
5, 21) It apparently occurs only in the opium 
poppy, for although various investigators have 
leported the presence of traces of morphine in 
other papaveraceous plants, later research has 
invariably disproved the claim. The first 
analysis was made by Liobig, but the conect 
elementary formula was fiist published by 
Laurent {ibid 1847, [iii], 19, 359) 

Properties — It is generally met with as the 
monohydrato and is rendered anhydrous only 
slowly at 100*, more rapidly at 110°. Morphine 
shows a tendency to sublimation at about 200° 
(Blyth, J.C S. 1878, 33, 313), but does not melt 
until 247-248°, with decomposition (Kempf, 
J pr. Chem. 1908, [n], 78, 201). 


Only slightly soluble in water : 1 in 6,000 at 
20°, 1 m 500 at 100°. The solubility m absolute 
alcohol 18 1 in 90 at 10° and 1 in 11 G at the b p. 
Less soluble in amyl alcohol , 1 in 400 at 10°, 

1 in 90 at the b.p. Very slightly soluble in ether, 
benzene, chloroform, or light petroleum (Klorio, 
Gazzetta, 1883, 13, 496, Prescott, Pharm J. 
1875, [ill], 6, 404 , Muller, Apoth -Ztg 1903, 18, 
257). Fabro (Bull Soc Pharm Bordeaux, 
1924, 62, 68) gives the solubility in 100 g benzyl 
alcohol as 50 g. (boiling) and 21*5 g. (20°) and 
m nitrobenzene as 0 51 in 100 at 20° and 10 5 in 
100 at the b p Morphine is readily soluble m 
sodium hydroxide solution, but the calcium salt 
has a more restricted solubility of about 1% at 
loom temperature Dilute ammonia does not 
dissolve morphine to any impoitant extent. In 
methyl alcohol (c=2 3),*^(a]p -130 9° (Schryver 
and Lees, JC8 1900, 77, 1024) For the 
sodium salt —70 2° (Hesse, Annalen, 1875, 
176,190) Tykociner (Rec trav chim 1882,1, 
144) examined the optical rotations of a number 
of salts Gornpel and Henri (Compt rend 1913, 
157, 1422) compaicd the ultra-violet absorption 
spectrum of morphine with those of codeine and 
phenantbrenc 

Morphine is a moderately strong base, the salts 
of winch aie neutral to litmus and, m general, 
easy to crystallise Methyl Rcrl is the best 
indicator for titrating the free base The iirin- 
cipal salts used in medicine are the hydro- 
chloride, sulphate, taitiate, and acetate 
B,HCI,3H20 forms silky needles soluble I in 24 
in w^ater at 15°, and 1 m 0 5 jiarts at 100° 
Double salts are formed wuth mercuric and 
platinic chlorides. BgjH 2804,6 HgO shows a 
solubility very similar to that of the hydro- 
chloride' The acetate contains SHgO, and is 
very soluble (I in 2 25 m water at 25°) It loses 
acetic acid on standing in the air and becomes 
coloured The taitrate also contains SHgO, 
and forms efflorescent needles soluble in 11 parts 
water, and the acid tartrate contains iHgO and 
IS much less soluble than the neutral salt 
Claims have been made at times that salts other 
than those mentioned above are more suitable 
for medicinal use Thus, Rcgnicr (Compt 
rend Soc. Biol 1936, 122, 789) states that the 
phenylpropionate is considerably less toxic than 
the hydiochlondo when injected subcutaneously. 
With this may be compared the observation of 
Eastland (Nature, 1944, 154, 820) that for a 
given dose of morphine, the period of narcosis 
18 extended if the base is administered as 
mucate. 

The most important alkyl derivative of mor- 
phine 18 the methyl ether, codeine, which is dis- 
cussed later Besides this, ethylmorphme (m p 
of hydrochloride 117-123°) or “ Z>ioni?ie,” apd 
benzylmorphme, or “Perorane” are employed 
in medicine to a small extent Diacetylmor- 
phine (m.p. 169-172°) was known oiigmally as 
“ heroin ” The hydrochloride melts at about 230° 
and is “ official ” in the British Pharmacopoeia 
under the designation “ diamorphinc hydro- 
chloride.” Solutions of diamoriihme salts hydro- 
lyse slowly on standing. 

Normally alkylation or acylation leads to 
substitution m position 3 or to disubstituted 
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compounds; G-acylmorphmos, which contain a 
phenolic hydroxyl, have only been obtained 
recently. Mannich (Arch. Pharm. 1939, 277, 
128) benzoylated 3-benzylmorphine, obtaining 
the 3-benzyl-6-benzoyl compound, which with 
cold hydrochloric acid gave the 6-benzoyl deriva- 
tive. Heterocodeme, which is the 6-methyl 
ether, had to be prepared in a similar roundabout 
way (Mannich, %bi(l 1916, 264, 349). 

When morphine is heated with 25% hydro- 
chloric acid in a sealed tube at 140° it loses the 
elements of water and apomorphine 
18 produced. This may be isolated by addmg 
sodium bicarbonate in excess to the acid 
liquid and shaking with ether. By extracting 
the ether layer with hydrochloric acid the 
sparingly soluble hydrochloride may be ob- 
tained. A rather more convenient preparation 
IS described by Oparina, Karasina, and Smirnov 
(Khim. Farm. Prom. 1934, No. 6, 18), who 
passed hydrogen chloride through a hot solution 
of morphine in phosphoric acid. The properties 
of apomorphine indicate that it still contains the 
original phenolic hydroxyl together with a 
second due to fission of the oxygen bridge m 
morphine. A methylated pyridine ring is 
attached to the phenanthreno nucleus in posi- 
tions 8 and 9. Solutions of apomorphine are 
unstable when exposed to air and absorb oxygen, 
especially in presence of alkali, with production 
of a green, and afterwards a red colour. The 
physiological action of apomorphine diflers en- 
tirely from that of the parent compound, since 
it produces no narcotic effect but acts as a 
powerful emetic (see Matthicssen and Wright, 
Proc. Roy. Soc. 1869, 17, 465 ; Marm6, Z. anal. 
Chem 1885, 24, 643 , Pschorr et al,y Ber. 1902, 
36, 4377). 

Morphmone, the ketone corresponding to 
morphine, is not known, but dihydromorphinone 
(“ Dilaudide ”), which has been introduced into 
the latest U.S. Pharmacopoeia, is obtained by 
heating a morphine solution in presence of a 
large amount of a platinum -metal catalyst 
(Knoll, G.P. 365683 ; 380919). Dihydromor- 
phine, m p 167°, the hydrochloride of which is 
known as “ Paramorfan ” is readily formed by 
mild hydrogenation (Skita, Ber 1911, 44, 2862). 
It is much more stable than morphine and its 
dimethyl ether is identical with tetrahydro- 
thebame. Morphine couples normally with 
diazotised aniline to give an azo-compound 
which is reduced to 2-ammomorphme by 
stannous chloride (Wieland, Z.c,). 

Isomers of Morphine and Codeine. — Phos- 
phorus halides or thionyl chloride act on mor- 
phine or codeine to give a-chloro-morphido or 
-codide, in which the alcoholic hydroxyl is 
replaced by chlorine. When these chloro-com- 
pounds are treated with concentrated hydro- 
chloric acid isomeric jS-compounds are formed 
(Ach and Steinbock, ihid. 1907, 40, 4281). If 
they are hydrolysed with boiling water or dilute 
acetic acid a mixture of isormeric morphines or 
codeines is produced. In a-tsomorphme the 
hydroxyl group is attached to C g as in morphine, 
while in the and y-iso~ bodies the attach- 

ment IS to Cg with a consequent shift in the 
double bond. The relationships developed may 
be illustrated as follows : 


Morphine 
ll, 2, 3 


Codeine 

j 4, f), 6 
I' 


7, 8 


a-Chloromorphide — —y a-Chlorocodide 

■ 

a-ic^oM()r])hinc - 

-f 

jS-i.soMoiphme - 

+ 

y-i^oMoiphiiie >► Pscudocodeino 


-> ?5oCodcine 
+ 

-> cfif/oPseudocodemo 
+ 


1 Schrvvcr and Lees, J C S 1900, 77, 1024 

2 Oppd, Ber 1908,41,975 

3 Wieland, Annalen, 1911, 382, 306 

4 Vongerichten, ibid 1881, 210, 105 

5 Freund, J pr Chem 1921, [ii], 101, 1 

6 Small, J Aincr Chem Soc 1931,52,2214 

7 Lees, J C S 1907, 91, 1408 

8 SpcNcr cind Krauss, Annalen, 1023, 432, 233 

9 Ivnoir, Ber 1907, 40, 3844 


A pharmacological comparison of the codeine 
isomers has been earned out by N. B Eddy 
(J Pharmacol 1932, 45, 361) in which the 
general conclusion arrived at was that iso- and 
pscudo-codeines possess cei tarn advantages over 
codeine. Dlhydro^50codelno was even more 
advantageous (ibid. 1934, 51, 35). 

Constitution — It is convenient to discuss the 
structure of morphine and codeine together as 
they are so closely related. To avoid confusion 
the numbering adopted in the following discus- 
sion will be that of the attached Gulland- 
Robinson formula (I) for morphine (IMein. 
Manchester Phil Soc. 1926, 69, 79), which is now 
accepted generally. 


NMe 


/io leCH^ 

\ «/ 

HO OH 
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Morphine and codeine are tertiary bases which 
combine with 1 mol. proportion of alkyl halide. 
A dibenzoyl and a diacetyl derivative of mor- 
phine have been prepared, whence it may be 
inferred that the alkaloid contains two hydroxyl 
groups (Wright et al.y J.C.S 1874, 27, 1031 ; 
1875, 28, 15 ; 1880, 37, 610). One hydroxyl has 
phenolic properties ; thus morphine dissolves in 
alkahs forming metallic derivatives in which 
1 atom of hydrogen is replaced by the metal 
(Chastaing, Compt. rend. 1882, 94/44). Methyla- 
tion of morphine gives codeine (Gnmaux, ibid. 
1881, 92, 1140, 1228; Hesse, Annalen, 1883, 
222, 203). This is non-phenolic, but behaves 
like a secondary alcohol in being capable of 
oxidation to a ketone, codeinone (Ach and 
Knorr, Ber. 1903, 36, 3067). Thus morphine 
and codeine may be written 

( 0 H)(CH 0 H)Ci 6 Hi 30 NMe 
and ( 0 Me)(CH 0 H)Ci 6 Hi 30 NMe, 
respectively. 
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The third oxygen atom in both substances is 
inert, and the inference that it is present as an 
ether linkage is confirmed by certain degrada- 
tions which involve the elimination of nitrogen 
and the eventual production of phenanthrene 
derivatives. Thus, codeine methiodide gives 
the normal quaternary ammonium hydroxide 
with silver oxide or sodium hydroxide, and this 
on warming loses water, forming methylmor- 
phimethine, (OMe)(CHOH)Ci 5 Hi 20 NMe, m 
which the nitrogen is at the end of a side- chain 
(Grimaux, Ann Chim. Phys. 1882, [v], 27, 273; 
Hesse, lx ). If the Hofmann degradation is 
carried a step further the nitrogen is eliminated 
as trimothylamine, as would be expected. In 
addition, the tendency of the system to become 
completely aromatic is sufficiently great to cause 
extrusion of the remainder of the side -chain as 
ethylene The resulting non-nitrogenous pro- 
duct is methylmorphenol (II) (Knorr, Ber 1889, 
22, 181 ; Vongorichtcn, ibid. 1896, 29, 65). 



II. 


/~\ 


HO 



The demethylatcd product morphenol (III) 
contains one phenolic hydroxyl and an inert 
oxygen atom which is ethoric because on reduc- 
tion with sodium and alcohol the diphenolic 
compound morphol (IV) is obtained (Von- 
genchten, ibid. 1898, 31, 3198). Pschorr’s syn- 
thetic 3 4-dimethoxyphenanthrcno {'ibid. 1900, 
33, 1810) proved to be identical with morphol 
dimethyl ether (Vongerichten, ibid , p 1824) 
Hence morphol is 3 4-dihydroxyphenanthrene. 

3 OH 

IV. 


< 

H( 



MeO OH 


V. 


cR3 

MeO OMe OMe 


VI. 


If methylmorphimethme is boiled with acetic 
anhydride, it is partly decomposed into ethanol- 
dimethylamine, CH 2 (OH) CH 2 *NMe 2 , and a 
methylmorphol (Knorr, Ber. 1889, 22, 1113; 
Vongerichten, ibid. 1897, 30, 2439). Pschorr 
synthesised 3-hydroxy-4-methoxyphenanthrene 
{ibid. 1900, 33, 1810) which proved to be not the 
same as the above methylmorphol, which, there- 
fore, had to be formulated as 3“methoxy-4- 
hydroxyphenanthrene (V). It followed that the 
ether link existing in methylmorphenol had one 
point of attachment at position 4. The other 
end of this oxygen bridge was shown to bo 
located at 5 by fusing morphenol with potas- 
sium hydroxide. This gave a trihydroxy- 
phenanthrene (Vongerichten, ibtd. 1906, 39, 
1718), the trimethyl ether of which was identical 
with synthetic 3.4:5-trimethoxyphenanthreno 
(VI) (Pschorr, Annalen, 1912, 391, 40). 

As has already been mentioned, the secondarv 
alcoholic group in codeine may be oxidised to 
keto, giving codemone. With boiling acetic 
anhydride this yields othanolmethylamme and 
3-methoxy-4*0-dihydroxyphonanthrene (Knorr, 
Ber. 1903, 36, 3074) (VII). This shows that the 
alcoholic grouping in codeine and morphine is 
present at position 6. 

McO OH HO 
VII 

The evidence so far adduced might bo con- 
firmed and strengthened in many ways. It is, 
however, sufficient to show that the morphine 
molecule may be regarded as built up from the 
following complexes, which together contain 
four hydrogen atoms less than morphine. 



and 

--CH2~CH2 

I 

— NMe 

Ring 3, which contains a secondary alcoholic 
group, must be partially reduced ; and the work 
of Knorr {ibid. 1906, 39, 1414) and Pschorr 
{ibid., p. 3137) shows that ring 2 must be in a 
similar condition. The way in which the four 
additional hydrogen atoms are distributed 
between the reduced nuclei depends upon the 
points of attachment of the nitrogen complex. 
This is a matter which has aroused much con- 
troversy and the bringing forward of many 
formulaB {see, e.g., Knorr, ibid. 1889, 22, 1131 ; 
1899, 32, 742 ; 1903, 36, 3074 ; Pschorr, ibid. 
1902, 35, 4377 ; Knorr and Horlein, ibid. 1907, 
40, 2042; Von Braun, ibid. 1914, 47, 2312; 
Freund, ibid. 1916, 49, 1287 ; Faltis, Arch. 
Pharm. 1917, 255, 85). 
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GuUand and Robinson (J.C S. 1923, 123, 985, 
998) reviewed the available evidence for the 
Htructuro of morphine and (odeine and stated 
their preference for positions 9 and 13 as the 
points of attachment for the nitrogen ring In 
this formula the caibon atom at 15 vas linked 
to Ci3, CiQ, and Cg and there was no provision 
for an ethylenic bond in nucleus 3. Experi- 
ments carried out on liydroxycodeinone and its 
dihydio-derivativo caused Gulland and Robin- 
son to levise their formula They arrived at the 
conclusion that the former substance did not 
contain the grouping — CO — CHg — but that 
the latter substance did This was most easily 
explained by rcgaiding the caibon atom at 15 as 
secondary instead of tertiary This postulate 
nc( essitated the representation of a double bond 
in nucleus 3 ; the most likely position being 
C7 — Cg The revised formula is more in accord 
with such facts as the ready hydrogenation of 
morphine and codeine to dihydro-compounds 
under mild conditions (c (j , Skita, Ber 1911, 44, 
2802), and the addition of two hydioxvl groups 
to codeine with dilute permanganate (Robinson 
and Cahn, J C S 1920, 128, 908) 

Codeine. — Prepamtio)) — (For preparation 
from opium, see p 103i/ ) Most of the codeine 
manufactured is obtained by methylating the 
phenolic hydroxyl in morphine Many pio- 
cesses have been employed for this puipose, but 
the yields are often rather low owing to the side- 1 
reactions resulting from the presence of the 
tertiary nitrogen atom and the alcoholic 
hydroxyl The most successful method })ub- 
lished would appear to bo that described by 
Boehringer (G P 247180, 1909), whuh employs 
phenyltrimethylarnmonium hydroxide as the 
methylating agent Rod mo v (Bull Soc chim 
1926, [iv], 39, 305) describes the preparation and 
use of this compound {see also Pharm. J 1945, 
155, 220) 

Properties. — Codeine is usually met with as 
the monohydrate, but may be obtained an- 
hydrous by drying at 100°, or by crystallising 
from dry ether or benzene. M p 155°, [a]i> 
— 135 9° in 97% alcohol and —111 5° in chloro- 
form (Hesse, Annalcn, 1875, 176, 189) Codeine 
18 sparingly soluble in water (1 in 120 at 20°, 
1 in 31 at 100°) and m light petroleum, rather 
more soluble in ether, moderately soluble in 
benzene, readily soluble in acetone, alcohol, and 
chloroform (see Rakshit, Analyst, 1921, 46, 481). 

Codeine is moie strongly basic than morphine 
The neutral point of the hydrochloride is at 
pH 4 93, as against 4 68 fer the morphine salt 
(Rasmussen, Z. Elcktrochem 1925, 31, 189). 
The salts in general use are the hydrochloride^ 
the sulphate y and the phosphate B, H C 1,2 H2O, 
m p 264° (anhyd), short needles soluble in 28 5 
parts of water at 15° 62,^12804, 5H2O, m.p. 

278°, readily loses 2H2O m air, is completely 
dehydrated at 100°, but regains SHgO on re- 
exposure ; soluble m 40 parts of water at 15° ; 
very sparingly soluble in alcohol (about 1 m 
1,100). The phosphate, B,H3P04, may occur 
with varying proportions of water, but that of 
the British Pharmacopoeia contains 1 HoO, 
soluble in 3 5 parts of water at 15°. The salicylate 
18 a difficultly soluble salt. Picrate, m p. 197°. 

Reactions. — Like morphine, codeme gives by 


catalytic hydrogenation a dihydro-compound, 
m p. 112° fanhyd), by addition of hydrogen in the 
7 8 position (seCy e.g , Skita, Ber 1911, 44, 2862). 
This compound is termecl “ Paracodin ” com- 
mercially Codeine is much more stable to 
oxidising agents than is morphine With hot 
chromic-acid mixture the ketone codeinone is 
obtained (Ach and Knorr, ibid. 1903, 36, 3067), 
while in the cold 9-hydioxy( odeine is the mam 
product (ideirif ibid ) Very dilute perman- 
ganate effects addition of two hydroxyl groups 
to the double bond (Cahn and Robinson, J C S 

1926, 128, 908). 

As with morphine, 30% hydrogen peroxide 
gives rise to a N -oxide (Fieund and Speyer, J. pr. 
Chem. 1916, [ii], 94, 135). This, with potassium 
chromate, produces norcotleine with loss of 
formaldehyde ( Diels and Fischer, Ber 1916, 49, 
1721) The action of allyl bromide on this 
demcthylated codeine gives N-allylnoi codeine, 
which IS said to have a pharmacological action 
opposite to that of morphine (Pohl, Z exp Path. 
Theiap 1915,17,370) 

Nitric acid in glacial acetic acid gives the 2- 
nitro-deiivativo (Knorr, Ber 1909, 42, 3503) 
Acetylation wuth acetic anhydiide proceeds 
normally to give acetylcodeincy m.p 133° 

If codeme hydrocliloride or hydrobromide is 
dissolved m 30% formic acid and 30% hydrogen 
peroxide is adcled, a monohalogen derivative 
which is still alcoholic is obtained (Speyer and 
Rosenfeld, ibid. 1925, 58 [B], 1110). On the 
other hand, with the aid of phosphorus halides, 
the alcoholic group m codeme may be readily 
replaced by halogen, giving chloro- or bromo- 
codide (see morphine section, p. 1066). 

Uses — The phosphate is the compound most 
used in medicine It finds considerable employ- 
ment as a constituent of various compound 
analgesic tablets and cough preparations 

Detection — Codeine is distinguished from mor- 
phine by not giving the colour reaction with 
terric chloride, and by producing with nitric acid 
a yellow and not a red colour Concentrated 
sulphuric acid does not colour codeine except 
after long standing, but if a trace of nitric acid 
or ferric chloride is added to the mixture it 
becomes blue. Wagenaar (Pharm. Weekblad, 

1927, 64, 671) describes numerous microchemical 
tests for codeine 

Thebaine, C19H21O3N, occurs m opium to 
the extent of 0 1-1% It was discovered by 
Pelletier (Compt rend 1835, 1, 11), and the 
correct composition was first determined by 
Anderson (J pr. Chem. 1852, [1], 57, 358), who 
described its isolation from opium (Annalen, 
1853, 86, 179 , see also Hesse, ibid 1870, [1], 153, 
47) Hesse treated the mother-liquors from 
which morphine and codeine had been separated 
with excess alkali. Dilute acetic acid dissolved 
out from the precipitate thus obtained only the 
strong bases, and on adding excess tartaric acid 
to the solution of acetates sparingly soluble 
thebaine acid tartrate cr3^8tallised out. 

Properties . — Thebaine crystallises from alcohol 
m leaflets, m.p 193°, [a]o —218 6° in 97% 
alcohol (Hesse, ibid. 1875, 176, 189)^ Practically 
insoluble in water or alkalis but dissolves in 140 
parts of ether, 59 parts of amyl alcohol, 19 paits 
of benzene, or 18 parts of chloroform. 
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It is a strong raonoacidic base and gives a 
hydrochloride, BjHCbHgO, soluble in 16 parts 
ol cold water. The acid tartrate, which also con- 
tains 1 mol of water of crystallisation, is soluble 
in 130 parts of water and the salicylate is even 
less soluble. The alkaloid is poisonous and 
exerts a tetanising action which is, however, less 
then than that of strychnine. With concentrated 
sulphuric acid a bright rod colour is produced. 

Constitution and Reactions, — Howard and 
Roser (Ber. 1884, 17, 527; 1886, 19, 1596) 
showed that the base contained two methoxyl 
groups and a tertiary nitrogen. They expressed 
its relationship to morphine and codeine as 
follows 


OH 


Ci,Hi,No/ 

^OH 

Morphine 


/OH 

Codeine 


CkHjjNO 


/OMe 

\OMe 


Tliobame 


This close relationship is shown by the 
similarity of the products obtained by the treat- 
ment of thebame on the one hand and codemone 
on the other Thus Howard and Roser found 
that with hot concentrated hydrochloric acid 
thebame gave morphotliebaine, Cj^^Hj^OgN. 
This base, which is similar m structure to apo- 
morphine (Pschorr, Annalen, 1911, 382, 50), 
may also bo obtained by treating codemone m 
the same manner (Knorr, Ber 1903, 36, 3074) 
With hot dilute hydrochloric acid thebame 
yields a secondary base named thebenine, 
CigHigOgN (Freund, ibid. 1897, 30, 1357, 
1899, 32, 168), and the same product is obtained 
from codemone (Knorr, Ic) A fuithei ic- 
serablanco is shown by the behavioui of the two 
substances m question towards hot acetic 
anhydride. Both yield ethanolmethylamme and 
thebame gives m addition thebaol (1) a phenolic 
phenanthrene derivative (Fiound and Gobel, 
ibid 1895, 28, 941) This gives a methyl ether 



(Vongeiichten, ibid. 1902, 35, 4410), which is 
identical with 3. 4.6-trimethoxy phenanthrene 
synthesised by Pschorr (ibid., p. 4400) Methyl- 
thebaol is also producecl by methylating the 3- 
methoxy-4:6-dihydroxyphenanthrene produced 
by the action of acetic anhydride on codemone 
(Knorr, I c). Here the hydroxyl at position 4 is 
derived from, the splitting of an ether bridge, so 
that thebame must possess a methoxyl group at 
6. Finally it may bo mentioned that by boiling 
thebame with dilute sulphuric acid a small yield 
of codemone may be obtained (Knorr, ibid 
1906, 39, 1409), 

Consideration of such reactions suggests that 
codeme and thebame possess the same four- 


nnged skeleton, and that the two methoxyl 
groups of thebame are situated at positions 3 
and 6. The production of codemone (II) may 
be explained by postulating that thebame (111) 
IS the methyl ether of the enolic form of 
codemone. 
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MeO^ 
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In the above formula, duo to Gulland and 
Robinson (Mem. ]\lanchester Phil Soc 1925, 
69, 79), thebame is represented as possessing two 
double bonds In practice it is found that by 
catalytic hydrogenation a dihydro-compound is 
readily formed (c g , Freund and JSpeyor, Ber. 
1920, 53 [B], 2250; Skita, ibid. 1921, 54 [B], 
1560). Tetrahydrothebame is produced witli 
more difficulty (Schopf, Annalen, 1927, 452, 232) 
Dihydrothebaine is hydrolysed by boiling concen- 
trated hydrochloric acid to the medicinally em- 
ployed dihydrocodemone (“ /licodide ”) (Freund 
and Speyer, I c). Acedicone, which is the acetyl 
derivative of enolic dihydrocodemone, is also 
used m medicine 

Neopme, was separated by T. 

and H Smith in the foim of hydrobromide, m p. 
282-283®, from final opium mother-liquids. 
Dobbie and Lauder (J C S 1911, 99, 34) showed 
that it contained one methoxyl group and was a 
tertiary base and found that its absorption 
spedrum and colour reactions resembled those 
of codeine. Like codeine it was somewhat 
soluble m water Van Duin, Robinson, and 
Smith (ibid. 1926, 903) found that it hydro- 
genated to give dihydrocodeme identical with 
the product from codeme itself, and on the basis 
of certain degradation reactions concluded that 
it was a structural isomer of codeine differing 
only m that the double bond occupied the 
position 8 14 instead of 7*8 Although the salts 
with mineral acids showed a positive rotation, 
the base itself had [a]D —28 1° m chloroform. 

Pseudomorphme, C34H3gOgN2, was first 
isolated from opium by Pelletier (Annalen, 1835, 
16, 27), though Hesse (ibid 1867, 141, 87) 
describes the separation more fully. It is so 
easily formed by gentle oxidation of morphine, 
especially m alkaline solution, that it is doubtful 
whether it really occurs preformed m opium. 
It 18 best obtained by oxidising morphine with 
alkaline potassium ferricyamde (Vongenchten, 
ibid. 1896, 294, 206). Pseudomorphme, m.p. 
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327°, IS sparingly soluble in the usual solvents 
but dissolves m pyridine or benzyl alcohol The 
hydrochloride, [a]£) —103*1° (in water), dissolves 
only to the extent of 1*4% in cold water, and the 
sulphate is even less soluble The structure of 
pseudomorphine is not known with certamty. 
It has been formulated as a dimolocular product 
obtained by the carbon to carbon union of two 
morphine molecules in positions I or 2, but this 
does not explain why, of the four hydroxyl 
groups in the molecule, only one appears to be 
phenolic, or why the two nitrogen atoms should 
dilFer m behaviour (Small and Fans, J. Amer. 
Cliem. Soc. 1934, 56, 1930). Small and Fans 
{I c ) have prepared the four possible pseudo- 
morphines by oxidation of the corresponding 
morphine isomers. 

“ Porphyroxine C 10 H 23 O 4 N. — Merck 
(Annalen, 1837, 21, 201) obtained a substance 
from Bengal opium to which he gave the above 
name. It appears to have been a mixture (Hesse, 
1870,163,47). Later, Dey (Pharm J 1882, 
[ill], 12, 397) found that on treating an acpieous 
extract of Indian opium with ammonia and 
agitating with ether, the ethereal solution con- 
tained a substance which gave a rich purple 
colour with hydrochloric acid. He regarded tins 
“ porphyroxmo test ” as peculiar to Indian 
opium, but Bamford (Analyst, 1930, 55 , 445) 
found that it was also given by Turkish opium. 
Rakshit (J.CS. 1919, 115, 445; Ber 1926, 
69 [B], 2473) has claimed the isolation of the base 
responsible for the colour reaction in a pure 
state. He described it as melting at 135°, being 
appreciably soluble in vater, and having [a]Q 
— 139 9° in chloroform It contained a tertiary 
nitrogen, a methoxyl group, an alcoholic 
hydroxyl, and a carbonyl group. Machiguchi ( J. 
Pharm. Soc Japan, 1926, 529, 19) isolated from 
Japanese opium a substance agreeing in melting- 
pomt and other characteristics with poi- 
phyroxine, which on examination proved to be 
a mixture of codamine, meconidme, and lauda- 
nine. In spite of the precise details given by 
Kakshit, Rajagopola (Current Sci. 1943, 12, 24) 
regards porphyroxine as being merely impure 
codeine. 


With sulphuric and iodic acids it gives a purple 
coloration changing to green Warren (J Amer. 
Chem. Soc 1915, 87, 2402) has proposed the 
reaction of papaverine ferricyanide with Mar- 
quis* reagent (formaldehyde in sulphuric acid) 
as characteristic. A light blue colour is obtained, 
which becomes violet, green, and finally a dirty 
yellow. 

Reactions and Constitution — Our knowledge of 
the constitution of papaverine is mainly duo to 
Goldschmiedt (Monatsh. 1883, 4, 704; 1885, 6 , 
372,667,954; 1886,7,488; 1887,8,510; 1888, 
9 , 42, 327, 349). 

He found that four methoxyl groups weio 
present, for with hydnodic acid lour equivalents 
of methyl iodide were formed, together with a 
phenolic substance, papaveroline. Oxidation 
with neutral permanganate gave veratne acid 
(I), pyridine- 1*2 3 -tricarboxylic acid (II), and 
an acid thought at first to be hemipinic acid, but 
shown later to be mctahemipmic acid (HI). 
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Alkaline fusion gave a neutral body and a base 
The neutral compound was a dimcthoxy toluene, 
the methyl grouji ot which oxidised noimally to 
carboxyl, giving veratne acid. The base was at 
first considered to bo a dimcthoxyciuinolino. A 
little later, however, it was showui to bo a di- 
me thoxyisoqumolme (IV), for on oxidation it 
gave two products, namely metahemipinic acid 
and cmchomeronic acid (V) whereas a quinoline 
would have given only a pyridinecarboxylic acid 


(6) Benzyl7-soquinolinb Group. 

Papaverine, C20H21O4N. — This alkaloid 
was discovered in morphine mother-liquors by 
Merck (Annalen, 1846, 66 , 125 , 1850, 73, 50), 
who analysed the base and assigned it the above 
formula. 

Properties . — Rhombic prisms, m.p. 147°. Al- 
most msoluble in water, sparingly soluble in 
ether, readily soluble in chloroform, benzene, and 
hot alcohol. Papaverine is very stable towards 
heat and can be sublimed. It is a wmk mono- 
acidic base and is optically mactive. The hydro- 
chloride forms monoclmic crystals soluble m 
about 40 parts of water at 50° and melting about 
220°. The acid oxalate, m.p. 196°, is sparingly 
soluble in alcohol and is often used to purify the 
base. Medicinally, papaverine exerts an anti- 
spasmodic effect on smooth muscle. 

Detection . — Cold sulphuric acid dissolves it 
without coloration, but commercial samples may 
give a violet colour due to the presence of crypto- 
pine (Pictet and Kramers, Ber. 1910, 48, 1329). 
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V. 



It was now evident that papavenne was built 
up from an woquinohne nucleus united to a 



opimr. 


Ill 


nitrogen-free portion represented by the \cratiie 
acid The point of union ^vas evident from the 
permanganate oxidation, which had yielded 
pyridine- 1 2 3 -tricarboxylic acid as one product. 
Papaverine could therefore be represented as 
early as 1888 by the formula given above (VI) 
It was the first opium alkaloid the constitution 
of which was determined, and the first alkaloid 
shown to be an i^oqumoline derivative. 

Goldschmiedt had already shown that oxida- 
tion of papaverine with acid permanganate gave 
papaveraldme, a ketonic base, the molecule of 
which contained as many caibon atoms as the 
original substance This could now be formu- 
lated by replacing the CHg link in papaverine 
by CO. It has been stated that papaveraldme 
IS capable of reduction to papaverine with zinc 
and acetic acid (Stuchlik, Monatsh. 1910, 21, 
813), but tins could not bo confirmed by Buck, 
Perkin, and Stevens (J.C S. 1925, 127, 1402), who 
obtained the socondaiy alcohol papavoiinol, 
which could bo converted to papaverine by the 
action of hydrobromic ac id in glacial acetic acid, 
followed by reduction with zinc dust. 

Several reduction products of papaverine are 
known The action of tin and hydrochloric acid 
leads to a mixture of pavme and totrahydro- 
papavenno (Pyman, J C S 1909, 96, 1610 , 
1910, 97, 1320, 1915, 107, 176). Pavme may 
be resolved into optically active components 
This and other pioperties are explained by 
postulating the formula (VII). 
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Papaverine has been synthesised on several 
occasions, the first complete synthesis being due 
to Pictet and Gams (Ber. 1909, 42, 2943) 
Veratrol was convcitod by the Friodel-Crafts 
reaction to acetoveratrono and the i^onitroso- 
derivative of this, reduced with tin and hydro- 
chloric acid, gave ammoacetoveratronc Con- 
densation with homoveratroyl chloride yielded 
homoveratroyl - cj - ammoacetoveratronc, which 
could be reduced to the alcohol (VIII). Under 
the influence of phosphorus pentoxide ring 
closure to papaverine took place (^ee also Rosen- 
mund et al, Ber. 1927, 60 [B], 392 ; Mannich and 
Walther, Arch. Pharm. 1927, 266, 1 , Buck, 
J. Amer. Chem Soc. 1930, 52, 3610 , Pictet and 
Fmkelstem, Ber 1909, 42, 1979) In the last 
two S 3 mtheses l:2-dihydro- and 3.4-dihydro- 
papaverme were produced, respectively. These, 
together with tetrahydropapaverme may be 
dehydrogenated to papaverme with the aid of 
palladmised asbestos (Sp&th and Burger, tbid 
1927, 50 [B], 704). 
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Narcotine, C22H23O7N, occurs 111 opium as 
the free base m amounts varying from 1 to 10%, 
and was first isolated, m 1817, by Robiquet, who 
extracted opium with ether 

Properties . — Prismatic needles, m.p 176° 
(Hesse, Annalen, 1875, 178, 241) Almost m- 
holuble m water and light petroleum At 20°, 
100 c.c of saturated solution contain the following 
weights of narcotme m g. : ether 0 4, benzene 
3 4, chloroform 45 9 (see also Rakshit, Analyst, 
1921, 46, 481). Solubility m alcohol is 1 in 100 
at 16°, 1 m 20 at 78°. [aj^ —200° m chloioform 
(Perkin and Robinson, J C S. 1911, 99, 775). 
The salts are dextrorotatory. Narcotme is in- 
soluble m cold alkalis, m hot alkali hydroxi^Jes 
it dissolves owing to the opening of a lactone ring 
(Rabo and McMillan, Annalen, 1910, 377, 223). 
Narcotme is a feeble, monoacidic, tertiary base 
The principal salts crystallise with difficulty, and 
from their solutions, even when strongly acid, 
solvents extract the free alkaloid to a consider- 
able extent (Plugge, Aich Pharm. 1887, 225, 
343) The hydrochloride crystallises with vary- 
ing amounts of water, is rather soluble (about 
1 m 4), and readily gives basic salts. 

Reactions and Constitution . — Hydrolysis has 
been performed under both reducing and 
oxidising conditions and results in the splitting 
of the molecule into basic and non-basic por- 
tions Thus nascent hydrogen converts narco- 
tme to meconiiio and hydrocotarnmo (Beckett 
and Wright, J.C.S., 1875, 28, 673), and oxidation 
with dilute nitric acid gives opianic acid and 
cotarmne (Anderson, Annalen, 1853, 86, 179). 

Cotarnine, C10H15O4N, is a methoxylated 
secondary base wnich gives an oxime and may 
be written (CH0)(0Me)(NMe)(C9Hg02) On 
oxidation, there results an o-dibasic acid named 
cotamic acid, which readily gives an anhydride 
and may be formulated 


(C00H)2(0Me)(CeH)(CH202). 

With hydriodic acid and phosphorus this com- 
pound yields gallic acid (3. 4.5-trihydroxy benzoic 
acid), showing the presence of a methylenedioxy- 
group adjacent to mothoxyl (Roser, ibid. 1888, 
249, 156; 1889, 264, 369; Freund and Wulff, 
Ber. 1902, 35, 1737). The relative positions of 
the groupmgs were first shown by Freund and 
Becker, 1903, 36, 1621, who ascribed to cotamic 
acid the foUowmg formula (I) which was con- 
firmed by synthesis (Perkin and Robinson, 
JC.S. 1909,95, 1977). 
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Evidently there were still two possible formulie 
for cotarnine itself Of these the following, (II), 
derived from a study of cotarnine anil, was 
regarded as most probable (Freund and Becker, 
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I c ) Although cotarnine is usually repi esented 
as shown, it can also exist as a carbinol base 
(111) or an ammonium base (IV). (For the 
evideiK’e regarding this matter afforded by 
examination of the spectra of cotarnine solutions, 
see Dobbie, J^auder, and Tinkler, ibid 1903, 83, 
598 , 1905, 85, 121). Formation of cotarnine 
salts IS believed to take place with loss of water 
and ring closure, and reduction in acid solution 
to hydrocotamine may thus be considered as 
addition of hydrogen to the double bond. 

Opianic Acid (V) is a monobasic aldehydic 
acid, which from a study of its dibasic oxidation 
product, homipinic acid, was formulated by 
Wcgscheider as shown below (Monatsh. 1882, 
3, 348 , 1883, 4, 262). On reduction it gives 
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meconinBy which is the lactone of the corre- 
sponding alcohol (Matthiessen and Foster, J C S 
1863, 8, 342, Wright, ibid 1876, 29, 170). 
Opianic acid, homipinic acid and meconme have 
been synthesised by Perkin {ibid. 1925, 127, 
195). 


From a consideration of the formulie assigned 
to opianic acid and hydrocotamine, Roser in 
1889 proposed the following formula for naico- 
tine (VI) This was eventually confirmed by the 
synthesis, described by Perkin and Robinson 
(ibid 1911, 99, 775), who succeeded m producing 
^Z-narcotme by boiling meconme and cotarnine 
together in alcohol. 



OMe 

VI 

Gnoscopine, C22H23O7N. — This was first 
obtained from opium by T and H Smith 
(Pharm J 1878, [ 111 ], 9, 82) It formed w^hite 
woolly needles, m p 233", fioni alcohol In 1893 
the same authors show'cd that when narcotine 
was heated with acetic acid it was partly oon- 
veited into gnoscopine (ibid 1893, fill], 23, 794), 
and later Kabe and McMillan (Ber 1910, 43, 
800) and Perkin and Robinson (J C S 1911, 99, 
775) showed that gnoscopine was in fact dl- 
narcotine The lust- mentioned authors suc- 
ceeded m rcvsolving gnoscopine with d-bromo- 
camphorsulphonic acid and accomplished its 
synthesis by condensing cotainine and meconme 

Codamine, C20H25O4N. — Isolated by Hesse 
(Annalcn, 1870, 153, 47), this strongly basic 
alkaloid crystallises m six-sided prisms from 
ether 01 ligroin, m p 126" (Hesse, Ber. 1871, 4, 
693) and gives amorphous salts It contains one 
phenolic hydroxyl group in position 7 of the 
isoquinolme nucleus, and three methoxyl groups. 
Spath and Epstein, who demonstrated the 
above facts, also achieved the synthesis of the 
racemic alkaloid and showed that natural coda- 
mine gives d-laudanosme on mcthylation (ibid. 
1926, 59 [B], 2791 , 1928, 61 [BJ, 334) 



“ Pseudopapaverine**. — Hesse (Annalen, 
1870, 153, 47) claimed the isolation of this 
alkaloid, which, however, was demonstrated by 
Spath and Polgar to be papaverine (Bor. 1926, 
59, 2787). 
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Narcotoline, C21H21O7N. — This, the most 
recently discovered of the opium alkaloids, was 
found m poppy capsules by Wrede (Arch. exp. 
Path. Pharm 1937, 184 , 331). It was isolated 
by means of the sparingly soluble acid tartrate, 
m p 202°. The base itself possessed —189° 
in chloroform, in which it was easily soluble, 
while the solubility in ether and alcohol was less 
marked It was found to bo a partially demethy- 
lated narcotme, having one hydroxyl group m 
the cotarnme half of the molecule, and giving 
use to narcotme on treatment with diazo- 
inethane The physiological action resembled 
that of narcotme but was weaker. 

“Xanthaline”, C 20 H 19 O 5 N . — Fust isolated 
from opium by T and H. Smith (Pharm J. 1893, 
[ill], 23 , 793). Subsequently Dobson and Perkin 
(J.C 8 1911, 99 , 135) showed that this base, 
ra.p. 210°, was identical with papaveraldme, a 
simple oxidation product of papaverine in which 
the CH^ link between the benzene and i<?oqumo- 
line nuclei is replaced by carbonyl The base 
IS a very weak one and its name is derived from 
the fact that it forms intensely yellow salts. 

Laudanosine, C 21 H 27 O 4 N. — Hesse found 
traces of this alkaloid in opium (Ber. 1871, 4 , 
093) Later it was shown that w'hen papaverine 
methochloride is reduced with tin and hydro- 
chloric acid it furnishes dZ-N-methyltetrahydro- 
papaverine, ni p. 115°, and this on crystallisation 
of the quinato separates into the d- and Lbases, 
the former being identical with natuial lauda- 
nosme It crystallises from ligroin in needles, 
m p 89°, and is very soluble in chloroform, 
ether, and alcohol. [a]£)+ 103 2° in alcohol 
Laudanosine is more poisonous than papa\erine 
and somewhat resembles thebaine 111 physio- 
logical action ; it exerts no narcotic effect 
(Pictet and Athanasescu, ibid 1900, 33 , 2346, 
cf Pyman, J C S 1909, 95 , 1610) A synthesis 
of laudanosine has been effected by Pictet and 
Fmkelstem (Compt rend. 1909, 148 , 925) For 
oxidation products of laudanosine, see Pyman 
(J.O S 1909, 95 , 1266) and Gadaraer and Kondo 
(Arch. Pharm 1915, 253 , 28). The conversion 
to r-glaucine is given by Pschorr, Bor 1904, 37 , 
1926, and Gadamer, Arch Pharm 1911, 249 , 
680 
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Oxynarcotme, C22H230gN. — This alkaloid 
was separated by Mayer (Proc Phil. Soc Glas- 
gow, 1871), and later by Beckett and Wright 
(J.C.S. 1876, 29, 461), from impure narceine. It 
differs from narcotme in yielding cotarnme and 
hemipinic acid instead of cotarnme and opianic 
acid on oxidation with ferric chloride. Rabe 
VoL. IX.— 8 


and McMillan (Annalen, 1910, 377 , 223) con- 
jectured that oxynarcotme and nomarceine 
were the same, but differences in solubility and 
in the water of crystallisation held by the tw^o 
bases and their hydrochlorides make this doubt- 
ful 

Laudanine, C20H25O4N. — This was found 
in minute amounts in the alkaline mother- 
liquors from morphine extraction (Hesse, ibid 
1870, 153 , 47). The base forms rhombic prisms, 
m p. 166°, from alcohol. It contains three 
methoxyl groups and one phenolic hydroxyl 
group, and gives a green coloration with ferric 
chloride The structure is shown by the fact 
that it gives a mixture of laudanine methiodide 
and dMaudanosme on niethylation (Hesse, J pr. 
Chem. 1902, [ 11 ], 65 , 42, cf Spath, Monatsh. 
1920, 41, 297) This base jirosonts one of the 
rare examples of natural occurrence of the 
racemic foim of an alkaloid It has been syn- 
thesised by Spath and Lang, Monatsh 1921, 42, 
273 
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“ Laudanidine ”, C 20 H 25 O 4 N . — Hesse (An- 
nalen, 1804, 282 , 208) found an optically active 
imimiity in the mother-liquors from natural 
laudanine hydrochloride which possessed the 
same molecular formula as laudanine and gave 
the same colour reactions He surmised that 
the new alkaloid, which ho termed laudanidine, 
was m reality Maudanine. Later, Spath and 
Burger (Monatsh 1926, 47 , 733) synthesised the 
two enantiomers of laudanine by demethylating 
the corresponding optically active laudanosines. 
They found that Maudanine was identical with 
laudanidine and that a mixture of equal amounts 
of d- and Maudanmes gave a product correspond- 
ing to natural laudanine, thus proving Hesse’s 
conjecture The base has m p 184-185° and 
fa]„ —100° in chloroform (Spath, Ber. 1925, 58 
[B], 200, 1272), and cannot be racemised by the 
most drastic treatment. Spkth also showed that 
the alkaloid tntopine, isolated by Kaudor (Arch. 
Pharm. 1890, 288 , 419) is the same as laudanidine. 

Narceine, C23H27O8N, occurs m opium to 
the extent of 0 1-^ 4% Owing to its amphoteric 
nature narceine remains dissolved m aqueous 
extract of opium during the process of removal 
of the other principal alkaloids. It may be 
recovered from the final mother-liquors by the 
method described by Anderson (Annalen, 1853, 
86, 182) who, however, was not the discoverer 
of this alkaloid, that honour falling to Pelletier 
{ibid 1833, 5, 163). Freund and Frankfurter 
(ibid. 1893, 277 , 20) first established the true 
empirical formula. 
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Properties. — Crystallises in white silky needles 
containing 3 H 2 O and melting at 170° from water 
or 80% alcohol, in both of which it is very 
sparingly soluble in the cold. The monohydrate 
is obtained by heating at 100° and melts in- 
definitely at 140-145°. The anhydrous base 
melts at 145° (Hesse, ibid. 1864, 129, 250), and, 
unlike the trihydrate, is soluble in chloroform 
and benzene. Narceme is optically inactive and 
has no marked physiological action. It is a very 
weak monacidic base which forms well-crystal- 
lised salts with acids The best known of these 
is the hydrochloridCf which may contain varying 
amounts of water of crystalhsation. This salt 
may be obtained anhydrous at 120° and then 
melts at 188-192°. Narceine is also a weak 
monobasic acid, and potassium and sodium salts, 
melting at 90° and 160°, respectively, may be 
prepared in crystal form by adding ether to their 
alcoholic solutions (Freund, l.c ). Freund also 
found that with boiling alcoholic hydrogen 
chloride the hydrochloride of the ethyl ester was 
formed, m.p. 206-207°. 

With methyl iodide, narceine methyl-ester 
methiodide, C23H2(}(CH3)08N,CH3l, m p 193- 
194° IS produced. 

Reactions and Constitution — Narceine gives 
with chlorine-water, followed by ammonia solu- 
tion, a blood-red colour. Alone among opium 
alkaloids it gives an intense bluish colour and 
precipitate with weak lodme solution, which is 
destroyed by those media dissolvmg narceine. 

Narceme contains three OMe groups (Freund) 
and one NMeg group (Herzig and Meyer, 
Monatsh 1895, 16, 599) which shows that the N 
does not form part of a ring but stands at the end 
of a chain. It contains the grouping C H 2 — CO, 
for it is possible to obtain an wonitroso deriva- 
tive, and with hydroxylamine the anhydride of 
the normal oxime is formed (Freund, Ber 1909, 
42, 1084) The constitution of narceme is 
established by the fact that it may be prepared 
by heating narcotme mothochlorido with alkalis 




In practice, the transformation is more advan- 
tageously performed by boilmg narcotme and 
methyl p-toluenesulphonate m dilute alkali 
(Rodionov, Bull. Soc. chim. 1926, [iv], 89, 305). 

In addition to the papers already mentioned, 
the following may be consulted : Roser, Annalen, 
1888, 247, 169 ; Addmall and Major, J. Amer. 
Chem. Soc. 1933, 55, 1202. 

(c) “ D1/50QUINOLINB ” Alkaloids. 
Cryptopine, C21H23O5N . — This optically in- 
active alkaloid was first isolated by T. and H. 
Smith (Pharm. J. 1867, [ 11 ], 7, 595, 716) Watt 
found as much as 0 3% in Indian opium (ibid. 
1918, 100, 147). The base crystallises from 
alcohol in prisms, m.p. 218°, and the salts form 
jelbes which crystallise only on long standing. 
The hydrochloride melts and decomposes at 235°. 
W. H. Perkm (]un ) in an exhaustive investi- 
gation deduced the subjomed formula (J.C.S. 
1916, 109, 815 , 1919, 115, 713). 



The synthesis was effected by Haworth and 
Perkm (ibid. 1926, 1769). It is difficult to free 
papavenne completely from traces of crypto- 
pine and many colour reactions once ascribed to 
papaverine, such as the dark blue-violet colour 
with concentrated sulphuric acid, have been 
shown to be due to traces of cryptopine (Pictet 
and Kramers, Ber. 1910, 1329). 

Protopine, C20H12O5N. — This alkaloid has 
boon found m at least 23 papaveraceous plants 
and IS best obtamod from the root of Dicentra 
spectabths, which contains almost 1% of the base 
(Danckwortt, Arch. Pharm. 1912, 250, 590). 
The laborious separation from opium was carried 
out by Hesse (Ber. 1871, 4, 693). Protopine forms 
colourless monoclinic prisms, m.p. 208°, which are 
spanngly soluble in cold alcohol or other Perkm 
(J.C.S. 1916, 109, 815) showed that it differed 
from cryptopine only in possessing a methylene- 
dioxy-groupmg m place of the two methoxyls. 

(d) Tbtrahydro/ 5 oquinoline Alkaloids. 

Hydrocotarnme, C12H15O3N .— Hessefound 
this alkaloid in opium mother-liquors (Annalen 
Suppl. 1872, 8, 261), but it is not certain whether 
it exists preformed m opium, as Beckett and 
Wright (J.C.S. 1875, 28, 573) have reported that 
it is produced by the hydrolysis of narcotme 
with water at 140°. A more convement prepara- 
tion is by the reduction of cotamme with zme 
and hydrochloric acid (Beckett and Wright, l.c.). 

CH,( 
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Hydrocotamine has m.p. 66° and normally 
crystallises with iHjO, which is lost just above 
the melting-pomt. It may bo purified through 
tho hydrohroniide, m p. 236°. Treatment with 
sodium and alcohol leads to replacement of the 
methoxyl group by hydrogen (Pyman and 
Romfry, ibid, 1912, 101, 1595), giving hydro- 
hydrastinine, which may be oxidised to the 
medicinally employed hydrastinine. 

(e) Bases of Unknown Constitution. 

Lanthopme, C 23 H 25 O 4 N .—Discovered by 
Hesse (Aniuilen, 1870, 163, 47). It is almost 
insoluble in alcohol or ether, fairly soluble in 
chloroform. Lanthopme is a very weak base 
which appears to contain a phenolic group, for 
it dissolves in alkali. It gives no ferric chloride 
reaction, however. M p. ca. 200° (Machiguchi, 
J. Pharra. Soc. Japan, 1926, 529, 185, reports a 
m p. of 141-145°). 

Mecomdme, C 2 iH 2304 N . — Also isolated by 
Hesse (I c ), It was found in the ether extract 
of tho mother-liquor obtained by precipitating 
an aqueous infusion of opium with soda The 
alkaloid, of doubtful purity, formed a dark- 
yellow amorphous mass ot m.p. 58°. It was 
very soluble in organic solvents and in alkalis. 
Machiguchi (l.c,) has also reported its existence 

Papaveramine, CaiHgsOgN. — This very 
weak base was isolated by Hesse (J pr Chem 
1903, [ 11 ], 68, 204). It was separated from crude 
papaverine by precipitating the latter as thio- 
cyanate from a solution of tho mixed oxalates, 
and then adding sodium hydroxide to the filtrate 
Papaveramine crystallises from alcohol or ethci 
in colourless jirisms melting at 128-129° and 
gives an intense blue -violet solution with sul- 
phuric acid. 

Neutral and Acidic Substances in Opium. 

Meconme, C 10 H 1 QO 4 , was discovered by 
Dublanc (Ann. Chim. Phys. 1832, [ 11 ], 49, 6; 
c/. Couerbe, ibid , p. 44 ; Anderson, Annalen, 
1856, 98, 44) It is also produced, together with 
hydrocotamine, by tho reduction of narcotine 
(Beckett and Wiight, J.C.S. 1875, 28, 573) 
Meconme crystallises from water in prisms 
melting at 102°, and dissolves slowly in alkalis to 
form salts of meconmic acid, of which it is tho 
lactone, its constitution is represented by tho 
formula 

CeH 2 (OMe) 2 CH 2 CO O 


(Wright, ibid. 1876, 29, 170; Hessert, Ber 
1878, 11, 237). Meconme has been synthesised 
by Fntsch (Annalen, 1898, 801, 362), and more 
advantageously by Edwards, Perkin, and Stoyle 
(J.C.S., 1925, 127, 195). 

Meconoisin, C 8 H 4 QO 2 , was isolated by T. and 
H. Smith m the mother-liquors from the prepara- 
tion of meconme. It is crystalline and has m.p. 
88° (Pharm. J. 1877, [ 111 ], 8, 981). 

Meconic Acid, C 7 H 407 , 3 H 20 . — ^This is the 
characteristic acid of opium and is contained 
therem m amounts varymg from 3 to 6% (Hei- 
duschka, Arch. Pharm. 1917, 255, 493). It is pre- 
pared from opium by adding lead acetate to an 
aqueous solution of the drug, suspending the 


precipitate in water, and decomposing it by a 
stream of hydrogen sulphide. The filtered solu- 
tion, after concentration and acidification with 
hydrochloric acid, deposits the acid. 

Meconic acid crystallises in micaceous plates 
soluble in 4 parts of boilmg water. It is regarded 
as a pyrone derivative of formula (I). On heat- 
ing to 120-200° carbon dioxide is lost, givmg 
comenic acid (II), while on further heatmg or 
dry distillation' pyrowcconic acid (III) is pro- 
duced (Robiquet, Ann. Chim. Phys. 1832, [ 11 ], 
51, 245; 1833, 53, 428). It is possible to re- 
place tho heterocyclic oxygen m these com- 
pounds with imino by the action of concentrated 
ammonia (How, Annalen, 1862, 88, 363). The 
ring structure of meconic acid is disrupted by 
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catalytic reduction givmg a tetrahydroxypimclic 
acid, COOH [CH OH ]3 CH 2 CH(OH) COOH, 
while comenic and pyromeconic acids reduce 
normally to pentamethylene oxide derivatives 
(Borscho, Ber. 1916, 49, 2538). 

Meconic acid, though strictly speaking dibasic, 
IS capable of forming yellow salts of a tribasic 
character. It titrates as a dibasic acid towards 
Methyl Orange, but as a tribasic acid towards 
Poirriers Blue. With feme chloride it gives a 
deep led colour, not destroyed by cold dilute 
hydrochloric acid or by mercuric chloride. This 
property has been useful on occasion in deciding 
whether poisoning was due to opium or a mor- 
phine salt. 

“Thebolactic Acid of T. and H. Smith 
(Pharm. J. 1866, [ 11 ], 7, 60), has been shown to 
be identical with ordinary lactic acid. 

Other acids have been reported in traces, such 
as acetic acid. Schmid and Karrer (Helv. Chim. 
Acta, 1945, 22, 1187) are engaged m the examina- 
tion of the minor water-soluble constituents of 
Papaver somniferuniy and traces of many in- 
teresting compounds have been isolated. As 
the source is poppy waste rather than opium 
these will not be enumerated. 


Literature. 

Fuller information on tho opium alkaloids may bo 
found in T. A. Henry’s ** Plant Alkal9ida,il.3uLfid*> 
Churchill, 1939 ; and also in L P. Small’s “ Chemistry of 
the Opium Alkaloids,” U 8 Treasury Dept . Public 
Health Service, which, however, was published in 1932. 
J B. Nicholls’ Streatfleld Memorial Lecture, 1938, 
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OPTICAL ACTIVITY. Introduction. 

— Certain substances possess the property of 
rotating the plane of polarisation when placed 
in the path of a beam of plane -polarised light. 
Apart from its intrinsic physical interest, this 
property, called “ optical activity ” or “ optical 
rotatory power,” is of particular significance to 
structural chemistry, since it furnishes informa- 
tion concerning the symmetry of crystals and 
molecules. The absence of reflection symmetry 
in a crystal or in the molecules of a liquid or 
solution is a ncccssaiy condition for optical 
activity. 

Optical activity was discovered by Biot (Mem 
Inst. 1812, 1, 1), who described and intcipreted 
the phenomenon of rotatory polarisation in 
quartz. In 1815, he reported the discovery of 
optical activity in liquids and solutions (Bull. 
8oc Philomat 1815, 190) Fresnel (ibid 1824, 
147), gave a phenomenological theory of 
rotatory polarisation. He showed that a beam 
of plane-polarised light could be regarded as 
composed of two beams of loft and right cir- 
culaily polarised light of equal amplitude In 
transit through a medium possessing different 
refractive indices for right and left circularly 
polarised light, a phase difference between the 
two ciicular components of a plane-polaiised 
beam is produced which is equivalent to a rota- 
tion of its plane of polarisation 

Pasteur’s resolution of sodium ammonium 
racemate into its optical isomers (cf Alembic 
Club Heprints, 14, 17, 19), and his ideas con- 
cerning mol(‘cular dissynimetry (ibid , p 20) 
suggested by observation of the hemihedral 
character of optically active crystals, led 
naturally to the formulation of th(‘ principles of 
stereochemistry by Lo Bel (Bull. Soc cliim 
1874, [iij, 22, 337) and J. H. van’t Hoff (” La 
Chimie dans L’Espace,” 1875) In modern 
stereochemistry, built upon these foundations, 
the phenomenon of optical activity continues to 
play an impoitant role. 

Polarised Light. — According to the theory 
of Maxwell, a beam of parallel light traversing 
an isotropic transparent medium consists of a 
plane electromagnetic wave, in which the electric 
and magnetic held vectors E and H are of equal 
magnitude, perpendicular to each other and to 
the direction of propagation (traiisversality). 
By the principle of superposition the field 
vectors may be resolved into their Fourier com- 
ponents, each of which is monochromatic of 
specified frequency v The field vector E of a 
plane electromagnetic wave, advancing in the 
direction of the 2 -axis, may bo resolved into its 
components along two orthogonal axes, x and y, 
in a plane perpendicular to the 2 -axis in the 
following manner (see^ eg, M. Born, “ Optik,” 
Berlin, 1933) : 

r~t—nzlc cjj-27rv 
vcjn^X 

where i is the time, n the refractive index of the 
medium, A the wave-length of the light beam, 
and c the velocity of light in vacuum. The 
amplitudes Ax and Ay and the phase constants 


8x and 8y are real constants According to con- 
vention, the real parts of the complex ex- 
ponentials (eiw— cos w-f 1 sin w ; i—^/ — !) re- 

present the physically significant parts of Ex and 
Ey The respective components of the magnetic 
field vector, //, are equal in magnitude and 
perpendicular to those of E 

The state of polarisation of the light is deter- 
mined by the phase difference 8^—8^. When 
the phase difference of the x and y components 
18 arbitrary, but constant, the light is said to be 
elliptically polarised. When viewed at a fixed 
point in the path of the light, the terminus of 
the rotating electric vector would be observed 
to describe an ellipse When viewed in space at 
a given instant of time, the termini of the electric 
vectors would be observed to lie on an elliptic 
spiral with its axis parallel to the direction of 
propagation. When the phase difference 8x—^y 
IS equal to -[it (2, and Ax— Ay the light is 
circularly polarised. The termini of the electric 
vectors describe circles at a fixed point in space 
and form a circular spiral at a fixed instant of 
time. There are two types of circular polarisa- 
tion. By convention, right circular polarisation 
corresponds to clockwise rotation (and left 
circular polansatuin to counter-clockwise rota- 
tion) of the electric vector when viewed counter 
to the direction of propagation of the light. 
However, in the literature of optics, it was 
foimerly conventional to define light and left 
circular polarisation in the opposite sense 
When the phase difference 8x— Sy is equal to 
-| TT, the light IS linearly or plane-polarised 
The elect! ic vector does not rotate, but remains 
in a lixed plane containing the direction of 
propagation This plane may be called the 
plane of polarisation, although the older con- 
vention designates the plane of the magnetic 
vector and the direction of propagation as the 
plane of polarisation. By the superposition 
principle, arising from the linearity of Maxwell’s 
equations, a plane-polarised beam of light may 
be regarded as composed of two beams of right 
and loft circularly polarised light of equal 
amplitude 

In unpolarised light, the phases 8x and 8^ are 
uncorrelatcd, and the squares of the amplitudes 
Ax^ and Ay^ are equal Unpolarised light is to 
be regarded as the result of superposing signals 
from a largo number of sources (excited atoms 
and molecules) of random phase. It may be 
formally described as consisting of two beams of 
light, of equal amplitude and uncorrelated 
phase, polarised in perpendicular planes 

The principal methods for producing polarised 
light utilise double refraction by anisotropic 
crystals and reflection from the surfaces of 
liquids and solids 

When a beam of unpolarised light is reflected 
from a surface, e g , that of a glass plate, the 
reflected ray is plane-polarised when the angle 
of incidence is equal to the] Brewster angle, 
the tangent of which is equal to the ratio of 
the refractive indices of the two media, at the 
boundary between which reflection occurs. 

The most common polarising instrument 
utilising double refraction is the Nicol prism 
(Nicol, New Phil, J. Edinburgh, 1828, 6, 83; 
see, e.y., T. M. Lowry, “ Optical Rotatory 
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Power,” Longmans, 1935). The natural end- 
faces of a crystal of calcito are ground until the 
angles in a principal section are reduced from 
71° to 68°. The crystal is then cut diagonally in 
a plane perpendicular to the principal section 
and perpendicular to the new end faces. The 
two pieces are then cemented together with a 
film of Canada balsam, which has a refractive 
index intermediate between those of calcito for 
the ordinary and extraordinary rays. A beam 
of unpolansed light incident on an end face of 
the Nicol prism at an angle of incidence of less 
than 14-15° with the long side of the prism, is 
split into the ordinary and extraordinary ray by 
double refraction, the extraordinary ray is 
totally reflected at the Canada- balsam interface, 
and the ordinary ray is transmitted as a beam 
of plane -polarised light. 

The instrument used for the measurement of 
optical rotatory power is called a polarimeter. 
Schematically, a polarimeter consists of a 
polarising Nicol prism, through which parallel 
monochromatic light from a suitable source, such 
as a sodium-vapour lamp or a mercury arc, is 
passed The polarised light is then passed 
through a small half-shadow Nicol, wdiieh creates 
a difference in intensity in the two halves of the 
beam The beam then passes through a spcei- 
men of the substance under investigation, after 
which it reaches the analysing pnsm, which is 
rotated until the two halves of the field are of 
equal intensity The specific rotation [a] of an 
optically active substance is defined as the rota- 
tion in degrees produced per decimetre of light 
path per gram of substance per cubic centimetre 
The molecular rotation of a substance is defined 
as the product of its specific lotation and its 
molecular weight The specific rotation |a] 
depends in general upon the frecpiency of the 
light The variation of [a] with frequency or 
wave-length is called rotatory dispersion. 

Circularly polarised light may be produced by 
passing plane-polarised light thiough a Fresnel 
rhomb or a quaitcr-wave plate Both instru- 
ments depend on resolving the electric vector 
of the plane-polarised ray into two perpendicular 
components of equal magnitude and producing 
a phase difference of 7r/2 between them 

Optica) Activity and Molecular Struc- 
ture. — Molecules may be classified according to 
their symmetry, described by the group of 
operations (point group) of reflection, inversion, 
and rotation which transforms the molecule into 
itself by permuting the positions of identical 
atoms In the geometrical representation of a 
point group, the elements are planes and centres 
of symmetry and axes of symmetry A mole- 
cule lacking planes or a centre of symmetry is 
called dissymmetric. A dissymmetric molecule 
may still possess elements of rotation symmetry. 

Pasteur attributed optical activity in liquids 
and solutions to molecular dissymmetry, a 
hypothesis which is confirmed by the molecular 
theories of optical activity of Born and others. 
In the case of optically active crystals, dis- 
symmetry IS exhibited by the crystal structure 
and may or may not bo present in the com- 
ponent molecules. Thus only hemihedral crystals 
show optical activity. The hemihedral cha- j 
racter of crystals is not always evident from 


macroscopic crystallographic examination, but 
may require detection by other tests based, e.g., 
upon the pyroelectric or piezoelectric efiFects. 

The structural basis for molecular dissymmetry 
18 to be found in the concept of directed \alence. 
This was the brilliant suggestion of van’t Hoff, 
w'ho advanced the hypothesis that the four 
valence bonds of the carbon atom were directed 
from the centre towards the vertices of a regular 
tetrahedron. The stereochemistry of organic 
molecules rests firmly upon the concept of the 
tetrahedral carbon atom. 

The most common dissymmetrical structural 
element of organic molecules is the asymmetric 
carbon atom, to which arc bonded four different 
organic radicals (1). A molecule containing one 

Rj Rs 
I. 

asymmetric carbon atom possesses two isomeric 
structures, which are mirror images of each other 
The two isomers are called optical isomers or 
enantiomoiphs. Their ordinary physical and 
chemical propeities are identical, but their 
optical rotations are opposite in sign. The 
enantiomorph with positive rotation is called 
dextro-rotatory, and the one with negative 
rotation la>vo-r()tntoiy When a potentially 
active compound is prepared from optically in- 
active materials, an optically inactive jiroduct 
called a racemate is always obtained. The 
racemate is an equimolar mixture of the two 
enantiomorphs As a simple example of a com- 
pound containing one asymmetric carbon atom, 
lactic acid (v Vol VII, 161c) may be mentioned 

A compound containing two different asym- 
metiic carbon atoms has four isomers, consisting 
of tw'o pairs of optical isomers. The physical 
and chemical propeities of the two pairs are 
different A member of one pair is called a 
diastereoisomcr of a member of the other pair 
An example of such a compound is a-brom-j3- 
methyl valeric acid When the two asymmetric 
carbon atoms are identical, only three isomers 
are obtained, a pair of optical isomers and a 
meso-compound which is inactive. Tartanc 
acid 18 an example of such a compound. A com- 
pound containing n different asymmetric carbon 
atoms has 2^"^ diastereoisomeric pairs of optical 
isomers. 

Optical activity in organic compounds is not 
confined to those containing asymmetric carbon 
atoms. The substituted allenes 

A A 

\ 

B B 

although possessing a two -fold axis of symmetry, 
are dissymmetric, as was recognised by van’t 
Hoff. However, it is only in recent years that 
an optically active compound of this type has 
been successfully prepared (Maitland and Mills, 
Nature, 1935, 185, 994 , J.C S. 1936, 987). The 
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spiranes, in which the double bonds of an alleno H. Gilman, “ Organic Chemistry,” 2nd ed., New 
are replaced by methylene rings, are also York, 1943, VoL I, p. 214) 


optically active, and have been successfully 
resolved (Janson and Pope, Chem. and Ind. 
1932, 61, 316). Owing to the non-coplanar 
character of their rings, certain isomers of the 
substituted cycloparaffins are optically active, 
c.flr., inositol, which is hoxahydroxycyclohoxane 
(V. Vol. VI, 494a). 

Many optically inactive molecules can assume 
dissymmetric configurations by internal rotation 
around single bonds. Since each such con- 
figuration has an enantiomorphic configuration, 
the molecule is inactive when rotation about the 
single bonds is free, in the sense that potential 
barriers hindering rotation are low relative to the 
product of Boltzmann’s constant and the abso- 
lute temperature When rotation is hindered, 
as in certain substituted diphenyls, resolution 
into optical isomers is possible. An example of 
such a compound is l.l'-dmitrodiphony 1-5*5'- 
dicarboxylic acid, 


NO, COOH 


where Aa 



(see Christie and Kenner, J.C S 1922, 121, 614) 
The rate of racomisation is higher the lower the 
potential barrier hindering rotation. 

Many inorganic molecules exhibit optical 
activity. Among them may bo mentioned co 
ordination compounds, for which Werner siig 
gosted the octahedral model (v Vol III, 3305) 
('o-ordination compounds w'lth a planar distri 
bution of valencies do not exhibit optical 
activity, since they cannot have molecular 
dissymmetry 

Although optically active compounds can 
bo isolated from living organisms, the synthesis 
of a dissymmetric compound from inactive 
materials always leads to the dU or racemic mix- 
ture. Among the methods of resolution of a 
racemic mixture are mechanical separation of the 
crystals, conversion to diasterooisomers by 
reaction with an optically active compound with 
subsequent fractionation and decomposition, 
and selective adsorption on optically active 
crystals such as quartz. The second method is 
the one most commonly used. In the resolution 
of a racemic acid dl-A, its salt with an optically 
active base, e.y., Z-brueme, is first prepared, 

dl-A^ 21- B d- A,l- B-f Z- A,Z- B. 

The two salts, being diastereoisomers, have 
different physical properties, and with a suitable 
choice of the base B, may be separated by 
fractional crystallisation. After the fractiona- 
tion, d-A and I- A are split off by treating the 
salts with a mineral acid or alkali. Racemic 
alcohols are first converted to their acid phtha- 
late or succinate esters, and the acid esters 
resolved in the manner described above. 

Asymmetric syntheses involving photo- 
chemical reactions under the influence of 
circularly polarised light have been successfully 
attempted (Kuhn and Knopf, Naturwiss. 1929, 
17, 227). (For a comprehensive treatment of 
the material summarised in this section, see 


Molecular Theories of Optical Activity. 
-The propagation of light in an isotropic 
optically inactive transparent substance is 
determined by Maxwell’s equations and one 
parameter n, the refractive index of the sub- 
stance. According to Fresnel, two refractive 
indices % and ni for right- and left-circular 
polarisation are required in the case of optically 
active substances. The rotation 9 of the plane 
of polarisation is 

fl=(w/Ao){nr-ni) 

is the wave-length of the light in 
vacuum. Extraordinarily small differences, 
nr—nu of the order of 10“®, suffice to account for 
relatively large specific rotations [a]. It is the 
object of molecular theories of optical activity 
to relate the refractive index difference rir—ni to 
the structure of the molecules of optically active 
substances. 

When viewed from the molecular standpoint, 
the propagation of light in a material medium 
may bo described in the following terms. An 
oscillating electric dipole moment and a corre- 
sponding magnetic moment are induced in each 
molecule by the electric and magnetic fields of 
the light. The molecule then becomes an emitter 
of radiation, a part of which is coherent (related 
m phase) wuth the primary light The light 
wave propagated in the material is the result of 
superposing upon the primary wave the 
secondary waves from all the molecular sources. 
The explanation of optical activity is therefore 
to be sought in an investigation of the depend- 
ence of the induced electric and magnetic 
moments of a dissymmetric molecule on the 
field vectors of the light wave. If the phase 
zjX of the light (see p. 1166) is assumed constant 
over the region occupied by a molecule, no 
optical activity is found. Only when retarda- 
tion or the finite time of travel of the light from 
point to point in the molecule is considered does 
optical activity appear, and, in fact, the contri- 
bution of an individual dissymmetric molecule 
to the rotatory power of a liquid or solution is 
found to bo proportional to the square of the 
ratia of a length of molecular dimensions to the 
wave-length of the light. Thus optical activity 
arises as a small correction to ordinary dispersion 
theory, and it is not surprising that the differ- 
ences between the refractive indices for right- 
and left- circularly polarised light are usually 
very small. 

A molecular theory of optical activity was first 
formulated by M. Born (Physikal. Z. 1915, 16, 
261 ; “ Optik,” Berhn, 1933, p. 405) and Osecn 
(Ann. Physik, 1916, [iv], 48, 1), on the basis of 
the classical oscillator theory of dispersion 
The theory was extensively apphed by Kuhn 
(see W. Kuhn and K. Freudenberg, “ Drehung 
dor Polarizationsebene des Lichtes,” Leipzig, 
1932) usmg a simplified model consisting of two 
anisotropic coupled oscillators. With the advent 
of quantum mechanics the theory was reformu- 
lated by Rosenfeld (see M. Bom and P, Jordan, 
“ Elementare Quantenmechamk,” Berlin, 1930, 
p. 250). Paralleling the Bom theory, polansa- 
bihty theories of optical activity, starting 
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directly from the forced vibrations produced in 
a molecule by the radiation field, were proposed 
by Gray (Physical Rev. 1916, [ii], 7, 472) ; de 
Mallemann (Rev. G6n. Sci. 1927, 453) ; and 

Boys (Proc. Roy. Soc. 1934, A, 144, 656, 675). 
Kirkwood (J. Chem. Physics, 1937, 5, 479) 
established the relationship between the polarisa- 
bility theories and the quantum-mechanical 
theory, by approximating the phase of the light 
in each of the substituent groups of an optically 
active molecule by the phase at its own elec- 
tronic centre of gravity. He found, however, 
that the dominant contribution to the rotatory 
power, arising from the interaction of optically 
anisotropic substituents, had been previously 
overlooked. Contributions arising from the 
change in phase of the light in the interior of 
substituent groups were treated in the one- 
electron theory of Condon, Altar, and Eyring 
(ibid, 1937, 5, 763 ; see also Kauzmann, Walter, 
and Eynng, Chem. Rev. 1940, 26, 339). In this 
theory, a chromophonc electron is found to 
contribute to the rotatory power as the result of 
dissymmetric perturbations from neighbouring 
groups in the molecule. 

In the molecular theory, the specific rotation 
fa] for light of wave-length Xq is related to a 
molecular rotatory parameter g of the substance 
by the formula 

[a]=(2 88X 10^)(7r2iV^/3ifV)(’^^+2) 

where M is the molecular weight and n the mean 
refractive index of the solution or liquid in which 
the measurement is carried out, and N is 
Avogadro’s number. The rotatory parameter g 
IS related to the molecular spectrum m the 
following manner. 

9-U9nol(''no-v’‘) 

where the vno are the absorption frequencies of 
the ground electronic state of the molecule, and 
V is the frequency of the incident light, the sum 
extending over all excited states. In the 
neighbourhood of an absorption band con- 
tributing to optical activity, anomalous rotatory 
dispersion and circular dichroism (selective 
absorption of right- and left-circularly polarised 
light) are observed. The quantities gno are 
proportional to the diflference of the absorption 
coefficients for right- and left-circularly polarised 
light. According to the quantum mechanical 
theory, Snlignolc is equal to the imaginary part 
of the scalar product of the matrix elements of 
the electric and magnetic moments of the mole- 
cule associated with the electronic transition 
corresponding to the absorption frequency vno* 

Although calculations based on the molecular 
theory of optical activity yield rotations of the 
right order of magmtude for simple molecules, 
the molecular rotatory parameter is very sensi- 
tive to the distribution of the molecules among 
the configurations allowed to them by internal 
rotation around single bonds. Further apph- 
cations of the theory and its use in determining 
absolute configurations therefore require more 
precise structural information than is at present 
available. 

J. G. K. 

OPTOCHIN (v. Vol. Ill, 1666, 1686). 


ORANGE. The fruit of Citrus sinensis or 
C, aurantium var. sinensis (the sweet orange). 
The bitter variety is usually classified as C, 
aurantium. The orange, origmally of southern 
Asiatic origin, has long been grown in Mediter- 
ranean countries, from which its culture spread 
to many tropical and subtropical areas of 
America and Africa. The bitter varieties are 
largely utilised in making marmalade, as also are 
certam seedless types, notably the “ navel ” 
orange. In late years preserved orange juice as 
a source of vitamin-G and as a “ soft drink has 
become an increasingly popular commercial 
commodity. The separated peel may be 
“ candied ** and used in confectionery or utilised 
for the manufacture of orange oil. 

For transport or storage the full-grown fruit 
IS picked m the green stage and its coloration 
accelerated, if required, by exposure to ethylene. 
Suitable conditions for treatment are described 
by, among others, R. G. Salcedo (Cienoia, 1942, 
3, 166) as 0*2% ethylene, at 18-20°, in an atmo- 
sphere of 76% humidity. 

Of the total weight of the fruit the peel con- 
stitutes 16-40%, the pulp 20-40%, the seed 
1-3% according to variety, and approximately 
one-third of the whole weight is juice 

Accordmg to Serger (Chem -Ztg 1917, 41, 
617) the percentage composition of the parts of 
the orange is as follows : 



Water 

Pro- 

tein 

Fat 

Nitro- 
Ren- 
freo ex- 
tract 

1 

Fibre 

Ash 

Peel 

69 0 

1 5 

0 6 

127 

14 0 

1 3 

Pulp 1 

68 3 

1 9 i 

02 

10 3 

7 75 

1 5 

Seed 

11 6 

14 4 

20 0 

2.'>8 

25 0 

32 


Among numerous published percentage 
analyses of orange juice the following are 
typical ; 



Solids 

Citric 

acid 

Total 

sugars 

Suc- 

rose 

Re- 

ducing 

sugars 

California 






Navel 

10 7- 

0 7- 

8 0- 

3 2- 



15 2 

1 7 

13 1 

6 1 


Blood . 

11 9- 

1 0- 

8 8- 

4 2- 



15 4 

2 0 

13 0 

5 9 


Sicilian 

\ 





Sweet 

9 4- 

1 8- 



2 2- 


13 3: 

26 



2 7 

Bitter 

9 3- 

2 4- 



08- 


11 9 

62 



1 9 


The principal acids of the juice are citric and 
malic. These exist partly in free and partly in 
combined forms, the proportions of which change 
somewhat during the maturation of the fruit 
and are related to the concomitant changes in 
the pH of the juice. According to W. B. Sin- 
clair et al, (Bot. Gaz. 1944, 106, 140), the total 
amount of free acid in developing oranges reaches 
maximum fairly early in the season and subse- 
quently remains substantially constant. The 
concentration of free acid, however, dimimshes 
with advancing growth, the increase in pH of 
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the juice being related to the diminution in con- 
centration of citric rather than of malic acid 
In a later paper (Plant Physiol. 1945, 20, 3) 
Sinclair notes that the amount of combined acid 
m the fruit remains practically uniform and 
establishes that the ratio . total free/total free 
-f combined acid is inversely related to the 
pH. It 18 usually stated that at matunty the 
pH of the juice should be 3 65. 

Both invert sugar and sucrose occur in orange 
juice, the proportions of both increasing during 
the ripening of the fruit (c/. S( urti and de Plato, 
Staz. spec agne ital 1908, 41 , 433). 

A small amount of inositol (0 0047%) in orange 
juice IS rccoided by Nelson and Keenan 
(Science, 1933, 77 , 561) 

Odoriferous constituents of orange juice 
examined by Hall and Wilson (J. Amer. Chem. 
Soc 1925, 47 , 2575) include ethanol, acetone, 
acetaldehyde, formic acid, an olefinic alcohol 
(CiqHjqO), i^oamyl, and phenylethyl alcohols, 
esters of formic, acetic, and caprylic acid, 
gerariiol, and terpineol. 

Orange seeds contain 10-15% (dry matter) 
protein from which Saunders (ihid. 1931, 53 , 
696) isolated a crystalline globulin (N = 16 8- 
17 1%) and also up to 40% of a fatty oil 
Published characteristics of orange-seed oil 
include ; pjgO 920-0 926, 1 4643-1 4702, sap. 

value 192 7-229 0, iodine value 87 5-105 3, 
Reichert-Moissl value 0 71, Polcnske value 0 40, 
Hohnor no 95 0-95 6 

The fat occurring in small amounts in the 
pulp of the flint 18 shown by M B Matlock (J 
Org Chem 1940, 5 , 504) to contain oleic, 
linoleic, linolenic, palmitic, and stearic acids 
together with a C2fi (? cerotic) acid Pait of the 
fatty acids aie combined with sterols, notably 
phytostcrol and sitosterol, llio propoition of 
glyceryl esters is relatively low Patty matter 
of similar composition occurs in the peel al- 
though this IS characterised by the presence of 
ccryl alcohol (not in pulp fat) and by absence of 
pentacosane (present in pulp fat) 

The volatile oil of orange peel {v. Vol VIII, 
659d) 18 recorded by Hood (J. Ind Eng Chem 
1916, 8, 709) to constitute 0 15-0 53% of the 
total weight of Florida fruit and by Wilson and 
Young {ibid 1917, 9 , 959) as 0 70-1 29% m 
Valencia varieties. 

The peel also contains the glucoside hesperidin 
(2 mol. units of hesperitm combined with 2 mols 
of glucose and 1 mol. of rhamnose). 

The white inner layer (albedo) of the peel 
yields approximately 10% of pectin (Ehrlich and 
Kosmahly, Biochem. Z. 1929, 212 , 162). Norris 
(Biochem. J. 1926, 20 , 993) describes the pectic 
matter occurring in orange juice as a tnmethy- 
lated derivative of pectic acid. 

The pigments in orange peel include chloro- 
phyll, carotene, and several xanthine derivatives. 
E. V. Miller et al. (J. Agric. Res 1940, 60 , 259) 
establish that, during ripening, carotenoid pig- 
ments increase m proportion and that of chloro- 
phyll diminishes. In mature but still green fruit 
xanthophyU predominates, but in ripe fruit the 
cryptoxanthin-carotene group of pigments are 
present in relatively greater amounts. It is also 
noted that in artificial ripening with ethylene, 
the treatment stimulates the decomposition of 


chlorophyll without affecting the carotenoids. 
In another publication Miller et al (U S Dept. 
Agric. Tech. Bull 1941, No 780) record an 
examination of the carotenoids in orange juice. 

A gum, occasionally reported in orange peel, 
IS associated by A. R. C Haas (Plant Physiol. 
1945, 20 , 323) with a deficiency of boron m the 
tree 

A large part of the dietary value of oranges 
depends on their richness in vitamin-G Richard- 
son et al (Food Res. 1937, 2 , 81) gives the 
average ascorbic acid content per fruit as 20- 
30 mg C. D. Atkins et al (Fruit Prod J. 1945, 
24 , 26) gives the value 106 mg per 100 g. of 
fiuit; 75% of this is present in the peel and 
“ rag ” and 25% in the juice Canned orange 
juice retains 95% and upwards of its vitamin-C 
and even when cans are stored at 21° the further 
loss corresponds to only about 1% per month 
(F. C. Lamb, Ind Eng. Chem 1946, 88, 860). 
A dried, pownlered, orange peel containing 240- 
366 mg of ascorbic acid per 100 g is described 
by H M Rauen et al. (Z Filters Lebensm 1943, 
86, 257) In the preparation of marmalade from 
bitter oranges it is said to be possible to ensure 
the retention of 65% of the vitamin, although 
commercial products frecpicntly contain cmly 
one-third or less of this amount 

Oranges contain an average of 0 5% of ash 
constituents of which the following clata are 
typical: 48-50, 3-4, CaO 22-24, 

MgO 4 5-5 5, Fe203 0 6-0 9, Mn^O^, 0 4-0 6, 
PgOg 8*5-13 0, SO3 4 4-5 1, SiOg 0 8-1 1, Cl 
0 9-1 1%. Among “ tiace ” elements examined 
aie Al 0 88, Cu 0 8, Zn 1 7, As 0 1, B 5 0 mg 
per kg of fresh fruit 

A G Po 

ORANGE FLOWERS, OIL OF r 
Nekoli (Vol. VIII, 461c). 

ORANGE LEAVES, OIL OF r Neroli 
(Vol VIII, 461c) 

ORANGE, PALATINE, is the ammonium 
salt of tetranitro-4.4'-dihycliox\ diphenyl, which 
is obtained by the action of fuming nitric acid 
on 4 4'-diphenol or on benzidine. Palatine 
orange was m use as a cFestuff, giving orange 
shades on silk or wool, but is no longer manu- 
factured. 

J. N G 

ORANGE, SALICYLIC, a dyestuff now 
obsolete, prepared by successive nitration and 
bromination of salicylsulphonic acid, 

C 6 H 3 ( 0 H)(S 03 H)C 00 H. 

It dyes orange shades on silk and wool. 

J N G. 

ORANGITE. An orange-coloured variety 
of the mmeral thorite {q v ), occurring as tetra- 
gonal crystals and irregular masses, occasionally 
a few ounces m weight, in the augite-syonite of 
southern Norway. It w\as described and named 
by C. Bergemann in 1851, and believed by him 
to contain a new element “ donarium.” The 
identity of the mineral with thorite has long 
been recognised. 

L. J. S. 

ORBITALS, ELECTRON 1C v. Valency. 

ORCEIN V Phenol and Homologues 
(this Vol., p 466d). 
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ORCHIL V . Lichen Substances (Vol. VII, 
p 2S4d), 

ORCIN V Phenol and Homolooues (this 
Vol , p. md) 

ORCINOL V . Phenol and Homologues 
(this Vol, p 466(f) 

ORDEAL BEAN v Calabar Bean (VoL 
II, 198(f) 

ORDER-DISORDER TRANSFORMA- 
TIONS IN ALLOYS. Broadly speaking, 
the distinction between organic and inorganic 
chemistry arises from the ability of carbon 
atoms to unite together to form definite mole- 
cules. Such a molecule as that of benzene, 
CeHg, can be observed by means of Z-rays as 
a real entity existing as cither solid, liquid, or 
gas, and preserving its distinctive nature 
throughout the changes of state. The crystal 
symmetry is dictated by the molecule itself 
In the realm of inorganic chemistry the term 
molecule becomes a theoretical conception and 
no longei corresponds to a real physical entity. 
On the borderline, carbon dioxide has a molecule, 
CO 2, though, in the solid, X-ray evidence shows 
that the substance consists not of isolated mole- 
cules, but of a continuous structure in which the 
linkage between caibon and oxygen is only a 
degree more important than the cohesion be- 
tween oxygen and oxygen which is responsible 
for holding the whole structure together 

For the chemistry of the non-metals, the 
conception of the molecule is thus perfectly valid 
for the liquid and gaseous states, and partly 
valid for the solid state. For the chemistry of 
the metals the whole conception of molecules 
must be abandoned, since here an atom is linked 
not to one neighbour, as the formula NaCI 
foimorly suggested, but to the whole of its 
nearest neighbours. Thus in sodium chloride 
each sodium and each chlorine atom has six 
neaiest neighbours of the opposite kind In 
caesium chloride each atom has eight nearest 
neighbours of the opposite kind. The law of 
constant propoitions is still valid, but for a 
different reason In the non-metallic com- 
pounds its validity depended on the real presence 
of the molecule In the metallic compound it 
depends only on the presence of ions with unitary 
charges. Thus calcium fluoride is a compound 
of definite composition because every calcium 
atoms bears two positive charges, and every 
fluorine atom bears one negative charge For 
this reason every calcium atom is surrounded by 
eight fluorine atoms, but a fluorine atom is only 
surrounded by four calcium atoms This ratio 
8 4 IS a mathematical necessity, and the law of 
constant proportions results 

A new kind of chemistry must be studied when 
the fields of metallurgy are explored. Hero 
evidence for the existence of molecules is rarely, 
if ever, found. Why then should it be expected 
that the law of constant proportions is obeyed 
unless there are either definite bonds, as in the 
carbon compounds, or unitary ionic charges to 
compel its observance ? The answer lies m the 
requirements of Space. Each atom occupies so 
much space, a big atom takmg up more room 
than a smaller atom. The atom of caesium is 
very big, whereas that of carbon is very small 
In between we have a wide range of sizes. The 


problem of metallurgy is to find out what 
happens when atoms of different sizes are mixed. 

If two metals, of which the atoms are of 
different sizes, are mixed, there are only two 
possibilities, either the large and small atoms 
are distributed in a purely random fashion, in 
which case the atomic planes will be warped and 
twisted, or alternatively there may be a regular 
alternation of atoms of different sizes, big and 
little, so that the atomic planes will be preserved 
in their pristine regularity. In the former case 
a solid solution is found, in the latter a super- 
lattice. The ideal superlattice would correspond 
to a definite composition and would obey the 
laws of definite and multiple proportions. It 
may, therefore, be regarded as a compound, but 
normally speaking this is not justified, for 
reasons which will be discussed at a later stage. 

Types of Superlattice in Face-centred 
and Body-centred Cubic Lattices. — Figs. 
1 (®)» (^)y and (c) show the types of suporlattice 
which occur in face-centred and body-centred 
cubic alloys. The face- centred cubic alloys can 
form only one kind of suporlattice, examples 
are CU3AU (formed when copper-gold solid 
solutions are slowly cooled, provided the eom- 
position docs not depart too much from the 
theoretical value), Ni3Fe,and NijMn (Fig 1 (a)). 
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Fig. I (a). 


Body- centred cubic alloys form two kinds of 
superlattico. In the simpler kind the propor- 
tions of the two constituents are roughly equal, 
as in Fig. I {b). In the other they are nearer 



Fig. I (6). 

throe to one, as in Fig. 1 (c). This has been most 
fully worked out for the FeAl system, ^ and the 
results are shown in Fig. 2, in which two kinds 
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of heat-treatment have been considered, the 
alloys having been either slowly cooled or 
quenched from above 600°. 

The slowly-cooled alloys alone form structures 
of the FCjAl type ; quenched alloys form the 
FeAI type of structure. It is interesting to 
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notice what happens when the composition 
deviates widely from the theoretical values. If 
there are exactly equal numbers of iron and 
aluminium atoms, the former occupy cube 
corners, the latter cube centres. With less than 
50% of aluminium the atoms at cube corners 
are still iron atoms, but the atoms at cube 


centres now become partly iron and partly 
aluminium, the distribution being perfectly at 
random between b and d positions. When the 
structure changes over from the FeAI to the 
FegAI type by annealing, no change occurs at 
the cube comers, which remain pure iron, but 
at cube centres the b and d atoms also take up a 
regular arrangement, iron alternating with 
aluminium in the manner shown in Fig. 1 (c). 
With more than 25% of aluminium the excess 
passes over into the neighbouring cube centres. 
With less than 26% of aluminium the super- 
lattice formation is gradually broken up and the 
structure soon becomes random. 

Remarkable types of superlattice are found in 
the NiAl system, 2 the lattice spacing curves (a) 
for which are shown in Fig. 3 The maximum 
lattice spacing corresponds to the exact com- 
position NiAI. If there is less than 50% of 
aluminium in this body- centred cubic structure 
the aluminium atoms at cube centres are 
partially replaced by nickel atoms, and because 
these are smaller the lattice dimensions shrink. 
On the other hand the lattice will not accept 
additional aluminium atoms, so that if there are 
fewer than 50% of nickel atoms present in the 
alloy, their places arc not occupied by aluminium 
atoms, but gaps are left in the lattice. This 
causes the lattice dimensions to fall rapidly as 
the structure departs from the ideal composition. 
The density curve (b) also show's a decided drop 
corresponding to the ejection of atoms from the 
unit coll. 

In the ternary system FeNiAI,^ Fig. 4, the 
lattice spacing attains a maximum along the line 
FeAl-NiAl, iron and nickel atoms replacing 
one another in a perfectly random fashion with 
aluminium always occupying the special posi- 
tions at cube centres. Excess of either iron or 



nickel replaces aluminium, but a deficit of either 
element leaves vacancies in the lattice.^ 

So far only the formation of superlattices 
which mvolve no change of symmetry has been 
considered. This is the true phenomenon of 
ordering, and must clearly be distinguished from 
the formation of a separate phase smee there is 


apparently no sharp gap between a completely 
disordered structure with no superlattice, and 
one in which a superlattice is just beginning to 
form. Attention must now be turned to another 
type of structure which is not strictly speakmg a 
superlattice. It will be referred to as a super- 
structure. 
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The compounds CuAu/ CuPd, CuPt,® conditions it is possible to form ordered struc- 
though obtained from the face-centred cubic tures with 60% of each of the ingredients, which 
lattices by slow cooling, produce an ordered would be impossible if the structures wore to 
structure by definite change of phase. The remain face-centred cubic. An interesting 
wst becomes tetragonal (Fig. 5 (a)), the second example of a similar character is to be found in 
Incomes body- centred cubic like FeAl, while the chromium-alu mini um system, in which 
the third becomes trigonal (Fig. 6). Under these body-centred cubic aUoys form a superstructure 
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near the composition CPgAI in which symmetry 
is no longer cubic but tetragonal (Fig. 6 (6)). 
This structure is formed by stacking throe cubes 
vertically one above another. Two planes of 
chromium alternate with one plane of aluminium 
atoms, though the atomic sites remain almost 
the same as in the body -centred cubic state.’ 

The superstructure CPgAI, if such it may be 
called, differs from a superlattice because the 
symmetry is different. In consequence there is 



'O-Cu 


a definite temperature at which the tetragonal 
structure finally breaks down and the random 
structure is produced Below this tcmpeiature 
the tetragonal striu ture is stable over a range of 
compositions; the lower the temperatuic the 
greater the range of stability. On either side, 
beyond the range of homogeneous composition, 
there is a two-phase region in which the structure 
IS present in admixture with one of the neigh- 
bouring phases An important point to note is 
that the composition corresponding to the precise 


formula CrgAI does not correspond to the point 
of maximum stability, neither does this com- 
position he within the homogeneity range as far 
as this lias been determined. The structure is 
therefore a separate phase, but is neither a true 
compound nor a superlatticc. It is for this 



Ftg. 5 (6). 

reason that it has been termed a superstructure. 
There are, however, genuine superlattices which 
behave in much the same manner, e gr,, NI3AI 
has a range of stability which increases with 
falling temperature It includes the theoretical 
composition and is separated from neighbouring 
phases by two-phase regions. 



Fio. 6. 


Other superlatticcs, e.g,, CUgAu, do not 
appear to be separated by two-phase regions, 
they should, therefore, not be regarded as 
separate phases, and some metallurgists consider 
that they should not bo included in the equili- 
brium diagram. In this typo of structure there 
is a gradual change from the ordered state to the 
disordered state as the composition changes and 
as the temprature is raised. The various 
theories of order-disorder have been evolved to 
explain this type of superlattice The first 
satisfactory treatment was given by Bragg and 
Williams.®’ ® The essential feature of their 


theory is that all the atoms lie at specific- points 
on a three-dimensional space-lattice. Each of 
these points is a site for atoms, the problem being 
which sites are to be occupied by what kind of 
atoms. The theory of probability is invoked to 
provide a solution, but certam ^ hoc assump- 
tions have to bo made which account for the fact 
that the theory does not give an exact quantita- 
tive agreement with the facts. 

By making entirely different assumptions 
based upon the relationship of atoms to their 
nearest neighbours Bethe has obtained some- 
what different numerical values for the physical 
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constants first determined by Bragg and 
Williams, but, as Peierls has shown, it is too 
difficult to make precise numerical calculations 
for the face-centred cubic lattices by this means. 
In spite of work by other investigators, the 
roblem still awaits an exact treatment. It is, 
owever, very interesting to compare the experi- 
mental facts, especially those obtained by 
Sykes and his collaborators with the theo- 
rectical calculations made by different methods 
The physical symptom produced by the 
warped planes of a solid solution is a great in- 
crease in electrical resistivity. The formation 
of a superlattico, because it flattens out the 
atomic planes, leads to a tremendous decrease in 
the resistance offered to the passage of electricity 
through the crystal. It is as though the 
electrons were sliding through the channels 


between the atomic planes ; where the channel 
is blocked the electron is brought to a halt; 
where there is a clear passage the electron goes 
through without hindrance. 

The electrical resistivity curve for CusAu has 
been plotted by Sykes and Evans (Fig. 7). 
The quenched alloy, which is in a disordered 
state, has a high resistivity at all temperatures. 
On annealing below the critical temperature the 
resistivity rapidly falls owing to the formation 
of the superlattice. The relation between the 
resistivity of the annealed and quenched alloys 
gives a measure of the degree of order. 

Another property which changes during the 
ordering process is the specific heat, w'hich has 
been extensively studied by Sykes and Jones. 
Fig. 8 shows the variation of specific heat with 
temperature. The curve indicated by full circles 



Temperatute in Degrees Centigrade 


Fia. 7. 


IS calculated from the specific heats of copper 
and gold, a pure mixture being assumed The 
experimental curve indicated by the open circles 
shows the additional specific heat required to 
produce the disordering piocess, by its excess 
over the calculated curve. The latent heat of 
fusion IS all concentrated at a definite tempera- 
ture, the melting-point of a metal, but here the 
energy change due to the order-disorder process 
IS spread over a range of temperatures. First 
there is a range below a critical temperature, the 
excess specific heat starting from zero 150^^ 
below the critical temperature and reaching a 
maximum at that temperature, at which there 
is genuine latent heat. Above the critical 
temperature there is a sudden drop in the 
specific heat, but it does not fall quite to its 
normal value. There is a tailing-off of the sur- 
plus specific heat above the critical temperature. 


The degree of order gradually falls in the range 
below tile critical temperature Above the 
critical temperature what order is left is of a 
different kind The distinction can bo made 
clear in the following way a scries of lattice 
points along a given row may be arbitrarily 
designated as even and odd. If all the odd 
atoms are copper, and all the oven are gold, the 
alloy IS perfectly ordered In a partly ordered 
alloy some of the copper atoms have got into 
the even positions, and some of the gold atoms 
into the odd positions Now' suppose that there 
IS a purely random distribution in which there 
are just as many copper atoms in odd as in even 
positions. Of course, the same will apply to 
the gold atoms. This is the case above the 
critical temperature, and the change which 
occurs between 225° and 319° is that the atoms 
more and more assume the disordered state, so 
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producing the observed heat evolution. Now 
consider what happens above the critical tem- 
perature. It is true that there are as many 
copper atoms in odd as in even positions, but the 
sequence of copper and gold atoms is all the time 
being changed. There are little groups of atoms 


in which copper and gold alternate, but every 
now and again the sequence is interrupted so 
that we get, e.g., Cu Au Cu Au Cu Cu Au Cu 
Au Cu Au Au Cu Au Cu Au. These short 
bursts of order known as local order are gradually 
dispelled as the temperature rises, which requires 
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the absorption of more energy, and produces the 
additional specific heat. 

Now consider what happens on cooling an 
ahoy through the critical temperature. Im- 
mediately this temperature is passed the short 
bursts of order instantaneously produced at the 
higher temperatures each act as nuclei for a 


completely ordered system. In such a series as 
Cu Au Cu Au (Au Cu) Cu Au Cu Au Cu Au 
the out-of-step atoms shown in parentheses get 
changed round to the normal state of their 
neighbours, and the ordered region extends. 
When the nuclei attain a certain size they 
become stable, but they do not all face the same 
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way round and, at the point of contact between 
the different schemes of order, a struggle takes 
place to decide which scheme shall triumph 
(Fig. 9). For this reason there is amorphous 
material in the grain boundaries between the 
portions with difierent schemes of order. 

The origin of the differences is that the face- 
centred cube is built up from four independent 
simple cubic lattices, any one of which may be 
regarded as forming the corners of the unit cell. 
The other three will, in that case, correspond to 
the centres of cube faces. It is, therefore, 
arbitrary which of the four lattices is to be 
occupied by gold, but once this has been decided 
the remaining three must be copper. The 
original nuclei from which the ordered structure 
IS to be built up constitute anti-phase nuclei. 


because there is no necessity for them to conform 
to the decisions of the other nuclei. Once these 
anti-phase nuclei are formed they are extra- 
ordinarily stable. 

The process of ordering below the critical 
temperature therefore consists of the formation 
and growth of the anti-phase nuclei. If the 
nuclei are small they produce broadened lines 
on the Z-ray photographs due to the super- 
lattice, though the mam lines are sharp, because 
the lattice as a whole retains its original align- 
ment irrespective of whether the atoms are 
ordered or disordered (Fig. 10). In order to 
produce an increase in the size of the nuclei it is 
necessary to heat-treat the alloy just below the 
critical temperature If the alloy is cooled 
before nuclei have grown, the degree of order 



Temperature in Degrees Centigrade 
Fig. 11. 


belonging to each nucleus gradually rises, oven 
though the nuclear size will not increase at lower 
temperatures. 

The critical nuclear size is about 6x 10~’ cm., 
below which the alloy may be considered to be 
disordered, since the electrical resistivity does 
not fall appreciably until the nuclei have grown 
in size. The resistivity is due both to disorder 
inside the nucleus and to the amorphous material 
at the boundaries. It will, therefore, fall either 
by an increase in the size of the nucleus or by an 
increase in the degree of order corresponding to 
each nucleus. On the other hand the energy of 
the ordering process begins to be released even 
before the superlattice lines can be observed on 
the Z-ray photograph. 

As nuclei increase in size the lattice spacing 
falls. This evidence is very important as show- 


ing that the lattice spacing is not a constant 
depending on the type of structure and its com- 
position, but it depends on the exact way in 
which the atoms are fitted together in respect to 
one another. In this connection it is of interest 
to compare the behaviour of the lattice 

spacing of which varies as much as 1% according 
to the temperature from which the alloy is 
quenched, in spite of the fact that it is always 
ordered. Enough has been said to show the 
complicated nature of the order-disorder pro- 
cess for the face-centred cubic alloys. 

A simpler case for companson of theory with 
experiment is that of j8-brass, the approximate 
formula for which is CuZn (Fig. 1 (a)). The 
specific heat-temperature curve for an alloy 
containing 48*9% of zinc is shown in Fig. 11 
(duo to Moser It shows the same general 
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featuresas thecaseof CUgAu, buthere thereis The gradual change from order to disorder 
no complication due to the formation of anti- may be interpreted in this way : the more the 
phase nuclei. A more detailed curve due to alloy becomes disordered, the more difficult it 
Sykes is shown alongside (Fig. 12) It must is for an atom to find the right position, since 
be stated at once that it is impossible to explain in a state of complete disorder it is impossible 
the details of these curves by any existing theory, to say which is a right and which is a wrong 
though their general features arc satisfactorily position. 

explained by all. Fig. 13 shows two curves connecting the energy 

As the best known example reference will be relations with the degree of order at a given 
made to the Bragg-Williams ^ theory in more temperature Tj. F(/Si) gives the dependence of 

ordering energy on order, while /S(X) allows 
for the Boltzmann factor. At equilibrium 
the degree of order is indicated by the 
point of intersection of the two curves. 
For different temperatures there is a family 
of F(>S) curves, so that the point of inter- 
section shifts with rising temperature. For 
the critical temperature Tc the V{S) curve 
IS tangential to the S{X) curve at 
The alloy is then completely disordered 
As the temperature falls the point of inter- 
section with the >S(X) curves moves to the 
right, and since ultimately the S(X) curve 
becomes asymptotic to S—l, the alloy be- 
comes completely ordered. 

The Bragg-Williams equations may also 
bo derived from the free-energy principle, 
which method has also been used by 
Fowler.^** These methods consider the lattice 
440 4fS0 460 470 480 490 500 as a whole, whereas Bethe,^® and also 

femperaturc in Degrees Centiyiade Poierls,iHhink of the atoms individually, but 

Fig 12 confine their attention exclusively to nearest 



detail The essential point is that there are a 
and p sites in the crystal In a state of complete 
Older all a sites are occupied by A atoms, and all 
jS sites by B atoms It is enough to consider the 
A atoms, ns the positions of the B atoms aie 
thereby fixed. There is a certain jirobability 
that a given A atom will be in a right or wrong 
position. This depends not only on the number 
of available positions, but also on the Boltzmann 
factor, e" corresponding to the extra energy 



Fig. 13. 


V which IS required to put an A atom in a wrong 
position. The tendency for an atom to get out 
of a right position into a wrong position, there- 
fore, depends on a chance factor which is not 
affected by temperature, and an energy factor 
which IS. As soon as the energy factor becomes 
small enough the chance or entropy factor over- 
takes it and the alloy becomes disordered. This 
gives a qualitative explanation of the occurrence 
of a critical temperature. 


neighbours, whereas Chang has extended the 
investigation to the next neaiest atoms Kirk- 
wood has also used the free-energy method 
Boielius and Dehlinger and Graf were the 
first to advance theories on the subjects of order- 
disorder changes, the gold-copper system having 
been very fully investigated by Johansson and 
Linde. ^ The importance of the size factor w^as 
first pointed out by Humo-Rothery 

Recognition of superlattices has led to much 
experimental work. Originally predicted b}^ 
Tammann*^^ and observed by Bam for CU 3 AU, 
by Phragmen for FegSi, and by Johansson 
and Linde for Cu Au, supcrlattices have in more 
recent years been detected by other means than 
A-rays Fallot has found a superlattice of 
the composition NigMn by means of magnetic 
measurements. The superlattice of CuZn, fiist 
investigated by specific heat rneasuiements, has 
been confirmed by Jones and Sykes using 
Z-rays. 

The method employed was that previously 
used by Bradley and Rogers for the investi- 
gation of CUgMnAI. The copper atoms are at 
cube corners, the manganese and aluminium at 
alternate cube centres, so that the structure is 
essentially like that of Feg A I . It was elucidated 
with the help of X-rays of various wave-lengths 
to alter the relative values of the scattering 
powers of the atoms. Ordinarily the scattering 
powers of copper and manganese (atomic 
numbers 29 and 25) are too nearly equal to show 
any contrast. This is especially so with zinc 
radiation, which depresses the scattering power 
of copper. On the other hand, the scattering 
power of manganese is depressed by using iron 
radiation, so that this emphasises the contrast 
between copper and manganese. 
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Sykes and Jones investigated CuAu (atomic 
numbers 29 and 30) by using zinc radiation to 
depress the scattering power of copper. Sykes 
and Leech also found a superlattice in NIgFe 3® 
(atomic numbers 28 and 26) for the first time by 
using cobalt radiation to depress the scattering 
po^ver of iron. The general rule is that if N is 
the smaller atomic number, Z-rays are obtained 
from a target with atomic number (iV^+l), and 
this method may be applied over a considerable 
range of elements. 
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ORDER OF BONDS v. Valency. 
ORIENTATION AT SURFACES y 

Surface P'ilms 

ORIGANENE v. a-TiiUjENE. 
ORIGANUM OILS (z7. Oils, Essential, 
Vol VIII, 660a). 

ORMOSINE, ORMOSININE. Isomeric 
alkaloids extracted from the Venezuelan plant 
Ormosia dasycarpa (Fam Legurainosae). Or- 
mosine, C 20 H 33 N 3 , needles with 3-4 HgO, 
m p. 85-87°. Ormoainine, C 20 H 33 N 3 , prisms, 
m.p. 203-205° (Hess and Merck, Ber. 1919, 52 
[B], 1976). 

For O. species in medicine, see Freise, Tropen- 
pHanzer, 1938, 41, 51. 

J. N. G. 

ORNITHINE, aS -diamino -n- valeric acid, 
NH 2 [CH 3]3 CH(NH 2 ) C00H. The Msomer 
was first obtained (as the hydrochloride) by 
JafiF4, by the action of hot hydrochloric acid on 
the dibenzoyl derivative, Z-omithuric acid (Ber. 
1877, 10, 1926; 1878, 11, 40). Ornithine 

VoL. IX.— 9 


probably does not occur as such in proteins, but 
it is obtained by alkaline hydrolysis of various 
proteins (Kossel and Weiss, Z. physiol Chem. 
1909, 59, 492 ; 60, 31 1 , 68, 160) probably owing 
to the degratiation of i-arginine under these con- 
ditions ; it is also formed by alkaline hydrolysis 
of citrulline. For the occurrence in other 
sources, see Winterstein (ilnd. 1919, 105, 28) ; 
Manske (Canad. J. Rea. 1937, 15 B, 84) ; Gordon, 
Martin, and Synge (Biochem. J. 1943, 37, 313) 

The preparation from Z-arginme by hydrolysis 
with alkali is accompanied by racemisation. 
Optically pure l(-f)-ornithine may conveniently 
be prepared by the action of the argiimso of 
mammalian liver on Z-arginine as described by 
Hunter (ihid. 1939, 33, 27). Z- Ornithine is also 
obtained by the action of arginaso on di-arginine, 
when only the Z-isomer is degraded (Riesser, 
Z. physiol. Chem. 1906, 49, 210), or by resolution 
of synthetic JZ-ornithuric acid (Sorensen, Chem. 
Zentr. 1905, II, 461). 

Z-Ornithine, usually isolated as a syrup, can be 
obtained crystalline from alcohol-ether, m.p. 
140° (softens at 120°), [af^ +11-5° (c-6 m 
water) It is very soluble in water, readily so in 
alcohol, sparingly so in ether (Vickory and Cook, 
J. Biol. Chem. 1931, 94, 393). The aqueous 
solution is strongly alkaline ; for the acidic and 
basic dissociation constants, see Schmidt, Kirk, 
and Schmidt {ibtd, 1929, 81, 249). 

Jaffe {I c.) showed that ornithine is a diamino- 
w- valeric acid. The location of the amino-groups 
IS shown by its degradation to carbon dioxide 
and putrescine (aS-diamino-n-butane) by putre- 
factive bacteria (Ellinger, Bor. 1898, 31, 3183). 
Confirmation of the accepted structure is found 
in the syntheses of dZ-omithine mentioned below. 
The configurational relationship of the Z(+)- 
acid to Z-argmino and Z-prolino has been estab- 
lished by degradative and synthetic methods 
(Karrer and Ehrenstein, Helv. Chim. Acta, 1923, 
9, 323), that to other naturally occurring amino- 
acids by optical methods (Karrer, ibid, 1926, 9, 
301 ; Lutz and Jirgensons, Ber. 1931, 64 [B], 
1221 ). 

Nitrous acid in the presence of mineral acid 
converts ornithine to a8-dihydroxy-n-valeric 
acid (Schulze and Winterstein, Z. physiol. 
Chem. 1898, 26, 11) , for the rate of deamination 
under Van Slyke conditions, see Plimmer (Bio- 
chem. J. 1924, 18, 107). By the action of 
benzoyl chloride and alkali it is converted into 
ormthunc acid (Fischer, Ber. 1901, 34, 462) , 
interaction with cyanamido gives arginine 
(Schulzo and Winterstein, ibid, 1899, 32, 3191 ; 
Z. physiol. Chem. 1901, 84, 128). On dry distil- 
lation of the hydrochloride pyrrolidine is 
formed. Ornithine reacts with salicylaldehyde 
to give an o-hydroxybenzylideno derivative, 
from which on hydrolysis the amino-acid is 
regenerated, a reaction useful in isolation pro- 
cedures (Borgmann and Zervas, ibid, 1926, 152, 
282). 

Some aspects of the intermediary metabolism 
of Z-ornithine are of importance. In birds it 
replaces glycine as a means of detoxicating 
various acids, which are excreted as the N®N^- 
6i«-acyl derivatives. Thus hens receiving benzoic 
or )3-phenylpropionic acids in their diet excrete 
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i-ornithuric acid , phenylacetic and a-furoie 
acids are excreted as the 6?.9-phenylacetyl and 
6t«-a-furoyl derivatives (Jafle, I c , Shiple and 
Sherwin, J Kiol Chem 1922,53,403, CVo\vdlc 
and Sherwin, ibid 1923, 55 , 15, 303) /-Orni- 
thine IS intimately concefned 'with the synthesis 
of urea, which, it has been suggested, takes place 
in the mammalian liver by a cyclic process of the 
following type (Krebs and llenseleit, Z. physiol. 
Chem. 1932, 210 , 33 , Krebs, Biochem. J. 1942, 
36, 758, and intci veiling papeis, see also Ann. 
Rev. Hiochem 1943, 12 , 190) 

COgi NHg-f Ornithine Citrullme 

N Hg+Citrulline -> Aiginine-f HgO 

Argnime ^ Oinithino ! CO(NH^)2. 

By the use of isotopically labelled mateiials the 
metabolic lelationship of /-ornithine to glycine 
on the one hand and to prolinc, arginine, and 
glutamic acid on the other has been demon- 
strated (kShemin and Kittenberg, J. Biol, ('hem 
1945, 158 , 71 , Glutton, Schoenheimei, and 
Rittenbeig, ibid 1940, 132 , 227 , Rolotf, Katner, 
and 8choenheimei, ibid 1910, 136 , 501 , Stetten 
and Schoenheimer, ibid 1944, 153 , 113) It is 
possible that ornithine may be (onceined in the 
biosynthesis of iiKotinic acid (M Guggenheim, 
“ Die Biogenen Amine,” Basle, 1940, p. 174) 
For the estimation of /-ornithine manomctrically 
by the use of a specific decarboxylase piepaia- 
tion, Gale, Biochem .) 1945,39,40 

/-Ginithine foims s.dts with acids and leaets 
with a variety of })iecipitants for bases. The 
rnonohydrorhlo) ide, C5H|202N2,HCI, has 
-flF (c 5 5 in watei), the dihydfoihloride, 
C5Hi202Nj, 2HCI, 1ms [a|“ +16 7° (c= 5 3 in 
water) (Jaffe, Ic , Hunter, Ic) Both the 
monopicrate, C5Hj202N2’^6^307N3 (slender 
needles fiom concentrated aqueous solution), 
and the dipiciale, C5Hj202N2,2C6H307N3, 
(rhombic prisms from 50% alcohol), daiken at 
200""; mi) 208° (dccoinp ) (Vickery and Cook, 

/ c ). For the separation fiom other bases as the 
picrate, see Kossel and Weiss (Z. physiol. Chem 
1909, 59 , 499) , by the use of permutit, see Felix j 
and Lang {ibid 1929, 182 , 133) \-Ornith%nc \ 
monosalphate, (CfiHioOoNojo.HoSOA, daikens 
ut 226°, mp 2V%deoomp.), [af +8 4° 
(water) ; is a useful salt for purposes of identifi- 
cation (Vicliery and Cook, / c.). For other salts 
and double compounds, see bchulze and Winter- 
stem (ihxd, 1901, 34 , 128), Kiesel (xbxd, 1922, 
118 , 2 ( 52 ). 

Among derivatives suitable for identification 
of /-ornithine are . the l^^H^-bis-naphthalene- 
sulphonyl derivative, C5 Hiq 02N2{S02 CioH 7)2, 
m p. 191-192° (Kiesser, It), the phenylhydan- 
loin, C12H20O3N4, m.p. 208-209°, [a]^^ -48° 
(c—2 in pyridine) (Dakin, J. Biol. Chem. 1942, 
146 , 237). The N“N^-dibenzoyl derivative, 1 - 
ornxthuric acid, 

NH(COPh) LCH2]3CH(NH COPL) COgH, 

forms needles from alcohol, m.p 188-189° 
(Sorensen, Chem. Zentr 1905, II, 401 , JafK*, 


Ic), insoluble in cold water, sparmgly soluble 
in ether and has [a]^ —16° (c=2*48 in methanol) 
(Karrer and Ehrenstem, / c.) ; methyl ester, 
mp 145-140°, [a]J/ -13 24° (c-1 436 in 

methanol) N^^monobenzoyl-hormihxne, 

NH(COPh) [CH2]3 CH(NH2) CO2H, 

obtained by the action of 20% hydrochloric acid 
on /-ornitliuiic acid, forms needles from hot 
water, m p. ca 240° (Sorensen, / c , Jaffe, / c ) 
N^-xno7iobenzoyl-\-ornithi ne, 

NH2[CH2]3CH(NH COPh) CO2H, 

obtained by the action of baiyta on /-ornithuiic 
acid, forms crystals from water, m p. 224-220°, 
IqT^ +8^3° (c=2 79 in w'ater) (Karrer and 
Ehrenstem, I c,). 

For d{~) -ornithine, and deiivatives, see Soren- 
sen (/ c.) 

d\‘Ornitliinc may be obtained by hydrolysis of 
/-tirgmme or a suitable derivative with barium 
hydroxide solution , for a convenient procedure, 
see Kuitz (J. Biol. Chem. 1938, 122 , 477) 
Alternatively, the raceniiSfation and hydrolysis 
of arginine may be effected by the method of 
Beigmann and Koster (Z physiol Chem 1920, 
159 , 179) ti/-Ornithine was first obtained 

synthetically by Fischer (Ber. 1901, 34 , 454), 
vvlio brommated ethyl y-phthalimidopropyl- 
malonate and hydrolysed the product to a- 
bromo-S-phthalimido-M-valcric acid, 'w^hich was 
am mated, and the product hydrolysed with 
hydrochloric acid to give c/Z-ornithine hydio- 
chlorido 

CeH,(CO)2N [CHjla CHiCOjEt)^ 
C„H4(C0)2N LCH^], CBrlCOjjEt), 
CeH,(CO),N [CH,L CHBr 

JZ-oinithme hydrochloiide 

Subsequently, syntheses have been effected from 
ethyl y-phthcilmiidojiropylphthalimidomalonate 
by Sorensen (/ c , Compt lend Trav T^ib 
Caihbeig, 1903-0, 6, 1), from jS-vmylacrylic 
acid by Fischer and Raske (Ber 1905, 38 , 3007) , 
from piperidine by Fischer and Zcmplen (Ber. 
1909, 42 , 1022), from acrolein by Keimatsu 
and Sugasawa (J. Pharm Soe .lapan, 1928, 48 , 
24) , from a-aminoadipic acid by Adamson 
(J C S 1939, 1564), and by Fox, Dunn, and 
Stoddard (J. Org. Chem. 1941, 6, 410). In the 
last-named synthesis, which is convenient in that 
it allows the ready preparation of ca 100 g of 
material, cyc/opentanone is converted by 
hydroxylamine to the oxime, w hich is rearranged 
by 30 n. sulphuric acid, and the a-piperidono so 
obtained hydrolysed to 8-ammo-w-valeric acid. 
The N -benzoyl derivative is then brommated 
and aminated to give N^-monobenzoyl-d/- 
ornithine, giving c//-ornithine hydrochloride on 
hydrolysis with hydrochloric acid 

(//-Ornithine has been obtained as crystals from 
water, sparmgly soluble in alcohol. The mono- 
hydrochloride has m.p 233° (decomp.) (Fox, 
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Dunn, and Stoddard, I c ) , the monosulpJiatef 
m p 234° (decomp ), and the dipicrate, m.p. 208° 
(deconip ) (Vickery and Cook, N®N^-6i5- 

naphthaknesulphonyl-dhornithiae has m p 195- 
196°, the phenylhydantoiyi m p. 191-192° 
(Dakin, Ic), The -di benzoyl derivative, 

dl-orni^/iiiric acidy obtained by benzoylation of 
d/-omithine by the Schotten-Baumann method 
(Fischer, Ber. 1901, 34, 462) forms needles from 
alcohol, m.p 187-188° The monobenzoyl 
derivatives of d/-oinithine are obtained by 
methods analogous to those used for the l- 
isomers , H^-monobe7izoyl, m p 285-288° (Soren- 
sen, ibid 1910, 43, 643) , N“ -monohc7izoyl, m p 
264-267° (Sorensen, I c , Sorensen, Hoyi up, and 
Andeisen, Z. physiol Chem. 1911, 76, 52) 

For dipeptidcs of ornithine, see Beigmann and 
Koster {ibid. 1927, 167, 91). 

B. L. 

ORPIMENT. Arsenic tiisulphide, AS2S3. 
Crystallises in the inonocliiiic system, ciystals 
being lare and short prismatic, tabular, and 
pseudo-orthorhombic in form. The mineral 
usually occurs in foliated or scaly masses which 
can be split easily par<illel to the peifect clino- 
piriacoidal cleavage Oiiuinent is veiy soft 
(hardness, 1^2) and sectile, its cleavage lamella} 
being flexible but not elastic , p 3 49 Colour 
lemon -yellow, the lustre being resinous, and 
peaily on the cleavage surfaces. The mineral 
forms as a low-tempciature product in hydio- 
thermal veins and occasionally as a hot-spring 
deposit. It also occuis as an alteration product 
of other arsenic minerals, especially realgar 
iqv) When orpiment is produced aitiflcally 
by heating arsenious acid with hydrogen sul- 
phide under pressure, it is colloquially called 
“ King’s yellow.” Formerly, the natural mineral 
was used as a yellow pigment, for dyeing, and by 
tanners for removing hair from skins, but for 
these industrial purposes it has now been largely 
superseded by artiflcial arsenic sulphide 

D W. 

ORRIS ROOT IS the dried peeled rhizome 
of Ins florentina, I germamuit or I. 

(Fain Tiidaccse) formerly esteemed as a cathartic 
but now used as an ingicdient of toilet powders, 
dentifiices, and siiull. The chief odoriferous 
constituent, j3-irone (v. Vol. VII, 62c), is found 
111 essential oil of orris (concrete oil of orris, butter 
of orris) which when diluted has an agreeable 
odour of violets. This yellowish oil, m p. 40- 
50°, contains about 85% of odourless myristic 
acid An isoflavone glucoside, iridin (v Vol V, 
259d , VI, 90c), IS present in the loot, which also 
contains irisin (v. Vol IT, 3036) and other Isevulo- 
sans, a fatty oil and sucrose (Cohn et al , A 
1927, 1116; 1928, 803). For essential oil, see 
Thiebault, Amer. Chein Abstr. 1934, 28, 6530, 
Guenther, ibid. 1935, 29, 3772 ; Sabbatini, Riv. 
ital essenze, profumi, piante offic. 1936, 18, 86, 
135, 187. Iridin (v supra) is also the name of a 
resmoid contained in the drug ms (Ins versicolor). 

J. N. G. 

ORSELLINIC ACID (^;. Vol VII, 2936, c). 

ORTHITE or Allamte. A complex rare- 
earth silicate of variable composition belonging 
to the epidote group of minerals, and sometimes 
leferred to as corium-epidote. It contams cer- 


tain of the cerium metals — cerium, neodymium, 
praseodymium, and lanthanum — and in smaller 
amounts the metals of the yttrium group. The 
general formula is M3 ^MJ^^(Si 04)3(0H), 
where M^i=Ca, Fe, Mn, and includes A I, 
Fe, Ce, La A recent analysis of orthite from 
Colorado gave • SiOg 30 40, AI2O3 10-25, FeO 
10 29, FegOg 10 36, €6203 14 61, (La,Tb)203 
-fYaOg, etc, 10 23, MnO 0 66, CaO 7 47, 
MgO 1 44, KgO 0 16, T1O2 1 46, HgO 1 95%. 
and small amounts of other constituents. It 
must be emphasised, however, that the com- 
position of orthite is subject to wide variations. 
The mineral crystallises in the monoclinic 
s^^stein, often with a piismatic appearance, and 
is commonly found massive or in iriegular grams. 
It IS brown to pitch-black 111 colour, and may bo 
coated with yellowish-brown decomposition pro- 
ducts On freshly fractured surfaces it displays 
a submetallic, pitchy to resinous lustre, p 3 5- 
4 2 , hardness 5J-6. Orthite occurs as a minor 
constituent in many igneous rocks, notably m 
granites, syenites, and pegmatites, sometimes 
developing as large masses in the last-named 
rock It 18 a minor source of cerium, used in the 
separation of metals from refractory oxides and 
as a gas purifier in the manufacture of neon 
lamps ; also m making fcrrocerium pyrophoric 
alloys and various ceiium compounds. 

D W. 

ORTHOBARIC DENSITY. The density 
of a liquid (di) and of its saturated vapour co- 
existing in equilibrium with it (dy) at the same 
temperature are called orthobanc densities. They 
are generally determined by the method of 
S. Young ( J C S 1891, 59, 37) in which diflerent 
weights of material are sealed in evacuated glass 
tubes of sufticieilt strength to withstand the 
pressures developed, and the volumes occupied 
by the gas ( Vy) and the liquid ( Vi) are deter- 
mined. This requires only the measurement of 
the length occupied by either gas or liquid in a 
tube which has been previously calibrated by 
volume. The total weight ( IK) of material in the 
tube 18 then given by : 

IK- VldpV Vydy. 

Since there are two unknowns (di and dy), two 
determinations with different weights give 
simultaneous equations from which both 
quantities can be found. In accurate work it is 
necessary to allow for the volume of licjuid in the 
meniscus, but corrections lor the change of 
volume of the tube duo to increases of tempera- 
ture and pressure are generally negligible. 

Since, in general, liquids expand on heating, 
but vapour pressures and densities increase, the 
orthobanc densities approach one another with 
rise of temperature, and become coincident at 
the critical temperature. Graphs of orthobaric 
densities of a substance as a function of tempera- 
ture therefore form a continuous curve, similar 
in shape to the example shown in Fig. 1, which 
18 that for carbon dioxide, taken from the paper 
of Lowry and Enkson (J. Amer. Chem. Soc. 1927, 
49, 2729). 

The figure also illustrates the most interesting 
property of orthobaric densities, namely, that 
their arithmetic mean is a lineai function of 



132 


ORTHOBARIC DENSITY. 



-5 0 6 10 15 20 25 30 

Temperature 
Fia. 1. 


temperature. Thus, in the case of carbon 
dioxide, Lowry and Erikson found : 

i{(<^/)r+(cir)0=0 4683+0 001442(«c--0 

(where is the critical temperature, 31 0®o.). 

This relationship, due to Cailletet and Mathias 
(1886) IS known as the Law of Rectilinear Dia- 
meters; it is particularly useful in helping to 
locate the exact position of the critical point, as 
will be clear from the figure. 

J. A. K. 

ORTHOCAI N E. Methyl w-ammo-jp-hydr- 
oxybenzoate. Local analgesic and antiseptic. 
B.P., B P.C. (v. Synthetic Drugs). 

S, E. 

ORTHOCLASE, Potash Felspar (v. Fel- 
gPAB, Vol. V, la). 


ORTHODENE. 



CH 


b.p. 168-170°/767 mm., pf 0 8430, 1 4670, 

Wd +32 6°. Occurs m the oil from the roots of 
Orthodon lanceolatum (Fupta, J. Chem. Soc. 
Japan, 1933, 54, 1181). 

J. L. S. 

ORTHO FORM, NEW v, Orthocaine. 
ORTHOHYDROGEN (v. Hydrogen, Vol. 
VI, 308d). 
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O R YZ A N I N . Former name for vitamin--Si 
{v. Vol II, 60c, 4926). 

OSAGE ORANGE TREE. The wood of 
this tree, Madura pomif era Raf , found through- 
out south-eastern Oklahoma and eastern Texas, 
possesses dyemg properties similar to those of 
old fustic (v, this Vol. p 81c), but the shades 
produced are slightly purer, less red, and faster 
to light. A qualitative examination of the 
aqueous extract showed that the dyeing prin- 
ciples present consisted, as in old fustic, of 
morin and macluriii (Kressmann, Textile 
('olonst, 1914, 36 , 97 ; J. Ainer. Leather Cheni. 
Assoc. 1915, 10, 347, Desmurs, J. 8 oc. Leather 
Trades’ Chem. 1928, 12, 424). 

Two colouring matters, osajin, C 25 H 24 O 5 , 
m p. 189°, and pomiferin, 0251 ^ 240 ^, mp 
200*5°, aic present, probably m the free state, 
in the fruit of Madura pomif era. The two pig- 
ments are closely related, pomiform being 
hydroxy-osajm 

Catalytic hydrogenation converts both pig- 
ments into di- and tetra-hydro-compounds show- 
ing the presence of two ethylenic hnkages 
Osajin and pomiferin are isomcnscd to colourless 
products, im-osajtn, m p. 285° (decomp ), and 
iHopomiferin, m p 265° (decomp ), respectively, 
by the action of sulphuric acid in acetic acid 
The dihydro-dorivativos are similarly isomerisod, 
but tetrahydro-osajm and totrahydropomifonn 
<lo not form ? 50 - compounds. 

Osajin dimethyl ether is converted by mild 
alkaline treatment into formic acid (1 mol.) and 
osajetin dimethyl ether (I; R = H), which with 
boihng alcoholic potash gives rise to j?-methoxy- 
phenylacetic acid, ^Similarly, pomiform tri- 
methyl ether yields pomiferitin trimethyl ether 
(I, R = OMe) and 3 4-dimethoxyphcnylacetic 
acid. 



These, and other, facts indicate that osajin 
and pomiferin are i 5 oflavone derivatives, and 
the following formulae are assigned ; 


CH 



Osajin (pomiferin, 3'=^ OH). 


II 

o 

CMe, 

i^o-Osajin. « 





Both osajin and pomiferin yield 0*7 mol. of 
acetone on ozonisation, and this establishes the 
presence of the t^opropylidene group. In the 
acid isomerisation of osajin and pomiferin a 
double bond and a phenolic group disappear, 
presumably by addition of the phenolic group 
to the double bond to form a cyclic ether. 



Alkaline fusion of t 5 o-osajin and isopomiferm 
gives acetone and 2.2-dimethyl-5 7-chromandiol 
(II). The formulation of ring A rests upon the 
known fact (c/. Robei-tson et al ^ J C S 1937, 
279, 1530) that such a structure yields acetone 
on aUcaline fusion (Wolfiom et al.j J. Amer. 
Chem. Soc. 1938, 60 , 574, 1939, 61 , 2832; 

1940, 62 , 651, 1484, 1941, 63 , 422, 1248, 1253, 
3356; 1942, 64 , 308, 311 ; 1943, 65 , 1434). 

E. J. C. 

OSAJIN, tsoOSAJIN {v Osage Orange 
Tree, supra). 

OSAZONES (v. Vol. Ill, 203c, VI, 302c) 
OSCILLATOR, ENERGY OF (v. Mole- 
cuLAR Spectra, Vol VIII, 186a). 

OSM IRIDIUM (V. IRIDOSMINE, Vol. Vll, 
296). 

OSMIUM. Sym. Os. At. no. 76. At wt 
190*2. 

Occurrence. — Practically the only natural 
source of osmium is osmiridium (v, Ibidosmine, 
Vol. VII, 296), but small quantities of the metal 
are found in the very rare ruthenium sulphide 
mineral laurite {v. Vol. VII, 196c). Although 
osmiridium is almost always found associated 
with native platinum, it is very doubtful 
whether the platinum mineral itself ever con- 
tains more than traces of osmium. At one time 
the chief source of osmiridium was alluvial 
gravels in Tasmania, but this source is now 
almost worked out and, apart from that which 
is produced in Russia as a minor constituent of 
the platinum concentrated from the Urals and 
Siberia, no details of which have been published 
for many years, the chief source of the mineral 
IS the black- sand concentrates derived from the 
banket in the Witwatersrand gold reef. The 
platinum concentrates found in the Good News 
Bay area of Alaska contain 10-20% of an 
iridium-rich variety of osmiridium wnich con- 
tains 13-14% of osmium. Analyses of some 
typical osmiridiums have been given in the 
article on Iridium {v. Vol. VII, 27a). 

Extraction of Osmium from Osmiri- 
dium. — The South African mineral is decom- 
posed by fusion with twice its weight of sodium 
peroxide in an iron crucible; this treatment 
converts the osmium and ruthenium into soluble 
sodium perosmate and perruthenate, and the 
iridium and! base metals into alkali compounds 
which are decomposed by water with the precipi- 
tation of hydroxides. The melt is, therefore, ex- 
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tra(te(l with warm water, the iiifioluble material 
allowed to settle, and the deep-brown solution 
decanted. The precipitate is washed several 
times with dilute alkaline sodium hypochlorite 
solution until no further brown solution is 
obtained. Addition of alcohol to the clear solu- 
tion and washings precipitates the ruthenium as 
hydrated dioxide and reduces the perosmate to 
violet osmate. The violet solution is decanted 
and treated with an excess of potassium 
hydroxide, which precipitates violet crystals of 
potassium osmate, generally contaminated with 
a little indium and platinum . Distillation of the 
crystals with nitric acid volatilises the osmium 
as the tetroxidc, which is caught in hot 1.1 
hydrochloric acid containing alcohol to reduce 
it to osmium tetrachloride Addition of am- 
monium chloride to the solution produces a 
precipitate of ammonium chlorosmate, which, 
like the corresponding platinum compound, is 
only very slightly soluble in ammonium chloride 
solution. The ammonium chlorosmate is heated 
in a closed graphite pot, from which air is com- 
pletely excluded, in order to obtain metallic 
osmium. 

Small quantities of osmium which arc not 
precipitated in any of the stages of this process 
may be recovered by boiling the neutralised 
solution with sodium sulphide, which precipi- 
tates osmium sulphide , distillation with nitric 
acid converts this into the volatile tetroxide. 

An alternative procedure for recovering 
osmium from alkaline osmate solution consists 
in treating it with concentrated ammonium 
chloride solution, which produces a precipitate 
of orange-yellow crystals of tctramminosmyl 
chloride, [OsOgCN H 3 ) 4 ]Cla , this, on heating 
to dull redness in a non-oxidising atmosphere, 
yields osmium sponge. This may contain some 
platinum and indium if the original osmate 
solution was obtained by fusion of osmiridium 
with sodium peroxide , it may be purified by 
heating in oxygen and converting the resulting 
osmium tetroxide distillate into tetrachloride, 
as described above, or the tetroxide may bo col- 
lected in alcoholic sodium hydroxide and the 
resulting sodium osmate solution exactly 
neutralised with dilute sulphuric acid to pre- 
cipitate hydrated osmium dioxide, which is con- 
verted into metal by heating with ammonium 
chloride in a reducing atmosphere. 

Properties. — The metal produced by any of 
the above refining processes consists of a heavy 
blue-grey powder, which oxidises in air slowly at 
room temperature unless it has previously been 
heated for some time at a temperature exceeding 
1,200°. Compact metal may be produced by 
pressing the powder into rods and sintering 
these at 2,000-2,600° in an atmosphere of 
hydrogen. The metal melts at about 2,700° 
Both the melted and the sintered metal are 
extremely hard and quite unworkable. Osmium 
has a hexagonal structure wuth a 2 7304 a. and 
c/a 1‘6786, which indicates a theoretical density 
of 22 61, although tlie highest values found 
directly range between 22 4 and 22*6 (E. A. 
Owen, L. Pickup, and I. O. Roberts, Z. Krist. 
1936, 91, 70). The specific heat at 0° is 0 030986 
and the temperature coefiicient 4-721x10"®; 
the atomic heat is 6-9162-f (9 019x 10“®)i (F. M. 


Jaeger and E. Rosenbohm, Proc. K. Akad 
Wetensch. Amsterdam, 1931, 34, 85). Osmium 
can be boiled in a graphite arc furnace, but does 
not volatilise appreciably at temperatures below 
2,000°c. in the absence of oxygen ; in the 
presence of even small quantities of oxygen the 
volatile tetroxide is formed at relatively low 
temperatures 

Osmium does not alloy with gold, silver, 
copper, or lead, but forms brittle intermetallic 
compounds with tin and zinc It alloys readily 
with the other platinum metals and with iron, 
cobalt, and nickel, forming hard alloys which 
evolve the vapour of osmium tetroxide on heat- 
ing to redness in the air. Piactically the only 
use for metallic osmium is in the manufacture of 
hard alloys, for use in tipping fountain-pen nibs 
and as pivots in scientific instruments These 
alloys generally contain tungsten and cobalt as 
the major alloying constituents, and many other 
metals ha\e been used as minor constituents 
Osmium tetroxide is used for staining tissues in 
biological w'ork. 

CoMroiTNDS OF Osmium. 

Osmium Oxides. — Only the dioxide, OsOg, 
and the tetroxide, OsO^, appear to be definite 
compounds. The hydrated c/m ride, 0s02,2H20, 
IS formed as a black precipitate by carefully 
neutralising with dilute sulphuric and a solution 
of sodium osmate containing alcohol When 
the washed precipitate is heated in a current ol 
caibon dioxide at 390-400° all the water is ex- 
pelled, a heavy greyish-lilack pow^der of OsOg 
being left Osnmivi tetroxide is foimed by heat- 
ing osmium sponge or any osmium compound in 
a cm rent of an or oxygen It forms a j^ellowish- 
white crystalline mass, w'hich melts to a jialc- 
yellow liquid at 41 ’c , the liquid boils at about 
130' (% although it begins to distil well below^ 
its boiling-point The vapour pressuic of the 
liquid at 7’° K is given by log p -10,100/t 577^ 
-i 5 49 The heat of foimation is 93 37 kir -cal 
per g -mol., the critical temperature 406'’ and 
the critical pressure 170 atm Osmium tot r oxide 
has a powerful penetrating odour pei ( (‘ptible at a 
dilution of 0 02 mg per litre of air. The \ apoui 
attacks the mucous membrane of the nose, 
throat, and eyes, inducing copious foimation of 
tcais and bluiring the vision for some hours after 
exposure. The vapour and solution stain the 
skin black, owung to reduction of the tetroxide 
to the hydrated dioxide 100 g of water dis- 
solve 0 47 g , and 100 g of carbon tetrachloiidc 
about 250 g of osmium tetroxidc. 

Potassium Osmate, K 20 s 04 , 2 H 20 , is pre- 
pared by fusing osmium with sodium peroxide, 
extracting the melt wuth w’ater, reduc-ing the 
dark brown solution of perosmate to osmate 
wuth alcohol, and adding potassium hydroxide 
It forms \iolet crystals, soluble in water but 
almost insoluble in potassium hydroxide solution. 

Osmium Disulphide, OsSg, has been pre- 
pared as black crystals with a cubic lattice of 
the pyrite tjpe (a 5-6 a ) A browm sulphide of 
rather indefinite composition is obtained by 
passing hydrogen sulphide into an alkali osmate 
solution. 

Osmium Fluorides. — Three fluorides are 
known. The octafluonde, OsFg, prepared by 
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treating osmium powder with an excess of 
fluorine, forms lomon-ycllow crystals which 
melt at 34 5° to a ycllo\Mbh-rcd liquid. Its 
existence definitely establi^^hcs the octavalency 
of osmium. The hexafluoride, OsF^, is formed 
by the action of fluorine on osmium at 250° as a 
yellowish-green crystalline sublimate, which 
melts below 120 ° to a liquid boiling at about 
205°. The tetrafluoride, OSF 4 , is produced by 
the action of fluorine at 280° on sponge which 
has been produced at a icd heat It has not 
been isolated in the puic state, but double salts 
with the alkali fluorides corresponding to the 
chlorosrnatcs have been obtained 
Osmium Chlorides. — The tetiaddoude, 
OSCI 4 , IS formed as black crystalline ci lists, 
which sublime to a yellow vapour, by treating 
osmium sponge wuth chlorine at 050-700° The 
trichloride, OsClg, is produced by heating 
osmium m chlorine at 1,050° and cooling the 
vapours rapidly, or better by heating ammonium 
chloiosmato in chlonne at 350°, when it forms a 
brownish-black microcrystalline sublimate The 
trichloride dissociates to the dark blown di- 
chloiide when heated to 500° undci low pressuie 
Chlorosmic Acid, HoOsCIq, is formed in 
solution wdicn osmium tetroxide is reduced by 
boiling with hydrochloiic acid and alcohol undci 
reflux The resulting reddish-yellow solution 
yields sparingly soluble browui crystalline precipi- 
tates with ammonium, potassium, rubidium, 
ca‘sium, and thallium chlorides Corresponding 
hi omofimates have been piefi.ired similail^ 
Potassium Nitrosochlorosmate, 

K20s(NO)Cl5, 

separates in oithorhombic crystals when ])otas- 
sium osmomtrite is boiled with concentrated 
hydrochloric acid. It is isomorphous with the 
corresponding ruthenium compound and is like- 
wise remarkably stable, even boiling with nitiic 
acid causing only slow evolution of the osmium 
as tetroxide. 

Osmiamic Acid, HNOSO3 — Salts of this 
acid, which is not knowm in the free state, are 
obtained by treating solutions of osmium 
tetroxide in caustic alkalis with ammonia The 
sodium salt, NaNOsOg, and the potassium salt, 
KNOSO3, are very soluble in water and in 
alcohol, the silver and baiium salts aie soluble 
in w^ater but not in alcohol, and the mercurous 
salt is insoluble in both solvents. All the salts 
have a lemon-yellow colour and many detonate 
violently on gentle heating or by percussion 
(F. M. Jaeger and J E. Zanstra, Proc K Akad 
Wetensch. Amsterdam, 1932, 35, 010 , 779, 787) 
Osmium Nitrite, Os (N 62)3, is prepared as 
a brown powder by decomposing barium osmoni- 
trite, BaOs(NOj) 5 ,HjO, with dilute sulphuric 
acid and evaporating the solution. It forms a 
stable series of osmonitrites w ith the alkali and 
alkaline-earth metals, magnesium, zinc, cad- 
mium, and silver. The osmonitrites are best 
prepared by boiling a solution of osmium tetra- 
chloride with the corresponding metal nitrite, or 
by double decomposition of the barium salt with 
the metal sulphate ; they form yellow to orange 
crystals containing various amounts of water of 
crystallisation, and are generally readily soluble 
in water. 


Osmium Carbonyls. —Carbon monoxide 
under high pressure reduces osmium tetroxide 
to the carbonyls OSglCOlg and Os(CO) 5 , 
according to the conditions The higher carbonyl 
is a colourless liquid at ordinary temperatures 
and readily decomposes into Os 2 (CO) 9 , which 
crystallises in the hexagonal system and melts 
at 224°, but begins to sublime above 130° The 
carbonyls can also be prepared by reaction of an 
osmium halide with carbon monoxide under 
high pressure in the presence of copper, which 
combines with the liberated halogen. Carbonyl 
derivatives containing halogen are produced by 
treating osmium halides with carbon monoxide , 
Os(CO)iCl 2 and Os(CO) 4 Br 2 have been pre- 
pared (VV Hicbcr and H. Stallmann, Z. Elektro- 
chem 1943, 49, 288) 

Osmocyanides. — The potassium salt, 

K40s(CN)e,3H20, 

is obtained by heating ammonium chlorosmate 
With potassium cyanide at a dull r(‘d heat and 
extracting the product with hot water, on 
cooling, the salt scpar.it(‘s in fine yellow^ crystals 
Addition of com (iitrated hydiochloric acid to 
the cold saturated solution of potassium osmo- 
cyanide lesults in the slow yirecipitation of white 
ciystalhc si ales o( osmoc \ amc acid, H4OS (C N )3 

Detection of Osmium. — The characteristic 
odour of osmium tetioxide is produced when 
osmium or any of its compounds is heated in air 
Hydrogen suljihido pioduces browii to black 
precipitates both from a( id solutions of oMiiium 
salts and from alkaline osmati* and perosmato 
solutions. Osmium tetroxide 01 the tetra- 
chloride gives a rhara(‘toristic rose to dei'p-rcd 
coloui when wanned with hydrochloiic acid and 
thiourea. When an osmium compound is fused 
with sodium pei oxide and the aqueous extract 
of the melt is distilled with nitric acid into 
sodium hydroxide solution, a brown solution of 
perosmato is produced which becomes xiolet on 
addition of aU ohol (ruthenium gives a black pio- 
cipitate) and the violet solution is decolourised 
by adding .1 largo excess of solid potassium 
hvdroxidc, the osmium being precipitated as 
\ lolet crystals of potassium osmato The violet 
solution also gives a yellow crystalline precipi- 
tate with ammonium chloride, insoluble in 
hydrochloiic acid, and decomposing on boiling 
With water into a brown solution witli the evolu- 
tion of osmium tetroxide. 

A. R P. 

OSMOPHORES. Odoriphores. Groups in 
an organic compound which determine or in- 
fluence the property of odour, e.g., hydroxyl and 
other groups possessing residual valency. 

J. N. G 

OSMOTIC PRESSURE. The experi- 
mental and theoretical study of osmotic pressure 
has attracted the attention of a very large 
number of workers, and it is quite impossible to 
summarise their w^ork in a short article. Much 
of it IS now of histoiical interest only; a full 
account will bo found in A. Findlay’s monograph 
(“ Osmotic Pressure,” Longmans, 1919). The 
aim of this article is to present a concise account 
of the theoretical basis of osmotic pressure, and 
to describe the more recent experimental work. 
This IS almost exclusively confined to the 
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deterrainatiin of the molecular weight of high 
polymers, for which the method has proved 
invaluable. 

The following theoretical treatment differs 
from that to be found in most text-books, but 
has the advantage of allo^\lng a sharp distinction 
to be drawn between thermodynamic relation- 
ships (which, in their general form, are exact) 
and ecjuations based on statistical calculations, 
which are of necessity approximate. 

Definition. — If a solution is carefully covered 
with a layer of pure solvent, the two layers 
gradually mix by diffusion, until the solute con- 
centration IS the same throughout the system 
If the solution and solvent are contained in 
vessels separated by a semi-permeable membrane, 
through which the solvent can pass, while the j 
solute cannot, diffusion of the Rf)Ivent proceeds 
just as in the absence of a nicmbiane, and results 
in a not transfer of solvent into the solution 
This transference can bo prevented, or oven 
reversed, by applying a hydrostatic pressure to 
the solution Eor any given ( one entration of 
solution, there is a definite pressure (depending 
on the temperature) which just causes the net 
diflusion through the membrane to cease. By 
definition, this pressure is the osmotic pressure 
of the solution It is not necessary that the 
solution should bo liuid, and indeed an im- 1 
portant application is to gels, e g., of rubber+ ' 
benzene. In this case it is customary to speak 
of the swelling pressure of the gel, but there is 
no distinction in principle (or in origin) between 
osmotic and swelling piessuros. 

Origin. — The origin of osmotic prcssuio has 
been the subject of much discussion {cf Findlay, 
op cit ) and still does not appear to be at all 
generally understood. It is clear from the above 
definition that it arises from the tendency of the 
solvent to diffuse preferentially from solvent to 
solution This diffusion tendency may be 
described in the language of kinetics or of 
thermodynamics Accoiding to the former, 
osmosis occurs in the absence of any applied 
pressure because the solvent molecules, in their 
constant thermal motion, make more frequent 
collisions w ith the membrane on the solvent side 
than on the solution side. The effect of apply- 
ing a hydrostatic pressure to the solution is, on 
this view, to increase the number of collisions 
with the membrane of solvent molecules from 
the solution, and/or the probability of a given 
collision resulting in the molecule penetrating 
the membrane. In the absence of any satis- 
factory kinetic theory of liquids it is impossible 
to develop this argument quantitatively, and all 
that can be said is that, at equilibrium, the pres- 
sure across the membrane will be equal to the 
osmotic pressure of the solution. It is not 
necessarily true, as is frequently stated, that 
this pressure is equal to the pressure exerted on 
the membrane by the solute molecules. It is 
still less true to say that the osmotic pressure is 
equal to the pressure exerted on the membrane 
by the solute molecules when the system is not 
in equilibrium. (A simple but convincing proof 
of the incorrectness of these statements is given 
by E. A, Guggenheim in “ Modern Thermo- 
dynamics,” Methuen, 1933, p 85 ) 

Thermodynamics is not concerned with 


mechanisms, and cannot, therefore, strictly 
describe the origin of osmotic pressure It does, 
however, enable it to be related to a quantity 
susceptible of calculation by statistical methods, 
namely, the decrease in the free energy of the 
system which occurs when solvent is transferred 
from the solvent to the solution. If is the 

decrease of Gibbs free-energy on transferring 
one mole of solvent to a large bulk of solution, 
it may be shown (Guggenheim, op. cit.) by purely 
thermodynamic reasoning, that the osmotic 
pressure 77 of the solution is given by • 

. (1) 

where Fq is the partial molar volume of the sol- 
vent m the solution, and Pq is the hydrostatic 
pressure on the solvent Since Pq is alw^ays 
small (usually 1 atm ) its effect on FI is negligible, 
cand we may put Pq 0. For small osmotic 
pressures Vq is practically independent of P and 
equal to the molar volume Fq of the pure sol- 
vent, so that (1) may be integiated to give 

. . . ( 2 ) 

The “ ficc energy of dilution ” AOq may now 
be divided into heat (^Uq) and entropy (JA’^) 
terms . 

• • ( 3 ) 

For an ideal solution (more generally, for an 
athermal solution) AllQ==0y so that (2) becomes . 

77-TJ*VFo ... (4) 

Equations (1) and (3), or the approximate forms 
(2) and (4) whcio applicable, i elate the osmotic 
pressure to thermodynamu quantities which can 
be either calculated statistically, oi related to 
other measurable quantities 

Relation of Osmotic Pressure to Mole- 
cular Weight : Statistical Theory. — The 
calculation of the entropy of dilution 
requires the methods of statistical mechanics, 
with the assumption of a molecular model For 
a solution in which the solvent and solute mole- 
cules are of approximately equal sizes, Guggen- 
heim has shown that the problem may be solved 
by treating the solution as pseudo-crystalline, 
the two kinds of molecules being arranged at 
random on a crystal lattice {cf. E A. Guggen- 
heim and R H. Fowler, “ Statistical Thermo- 
dynamics,” Cambridge, 1939). 

This procedure finds some justification in the 
demonstration that liquids do, in fact, possess 
local order, and are much more closely akin to 
crystals than to gases. Independently of the 
co-ordination number of the lattice (t.e., the 
number of nearest neighbours of a molecule in 
the lattice), it is readily shown that : 

J5oC=:flIoge(l+iVs/iV(,) . . (6) 

where Ng and Nq are the numbers of solute and 
solvent molecules in the solution. For dilute 
solutions, the log term in (6) may be expanded, 
so that on substituting into (4) we obtain, for 
ideal, dilute solutions : 

/7-(flT/Fo) loge(l+Wo) 

c- (RTI \\) . (NgjN^) nUT! V . (6) 
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where w is the number of giam-molecules of solute 
contained in a volume V of solvent. Apart from 
the diflference between the volumes of solvent and 
solution, this equation is formally identical with 
the ideal-gas law, a circumstance which has done 
much to foster the erroneous kinetic theories of 
osmotic pressure referred to above. 

Equation (6) may also bo written in terms of 
c, the concentration of the solution, and Ms, 
the molecular weight of the solute . 

nc^cRTIMi ... (7) 

The equation in this form was first derived by 
van’t Hoff, and forms the basis of the use of 
osmotic pressures to calculate molecular weights. 
It must be emphasised that it is only an appioxi- 
mate expression, requiring modification for 
application to real solutions. Two kinds of 
correction are needed, to take account of 
(a) finite heats of dilution, and (b) the difterent 
entropy of dilution when the solvent and solute 
molecules differ maikcdly m si/e, or are not 
randomly mixed. The widespread application 
of osmotic-prcssuio measurements to solutions 
of high polymers has made this second factor 
exticmely important. 

It IS not in general possible to calculate the 
luvit of dilution absolutely by statisti(‘al 
methods, but it has been sliown that may 
be expressed as a po^\cr senes in the volume 
fi action of the solute, in which the first term 
involves and tlio higher terms aie frequently 
unimporfant (cf J H Hildebrand, “ Solu- 
bility,” Reinhold, 1930). Eor dilute solutions, 
i\ is neaily pioportional to c, and we may 
VMltc 

( 8 ) 

A 2 being a constant, whence . 

nicc^nTIMs-l2C ... (9) 

It IS evident from (9) that van’t Hoff’s law is not 
valid for non-ideal solutions, but that the limit- 
ing value of Uje at infinite dilution will give a 
measure of RTjMs, 

The problem presented by solute and solvent 
molecules differing widely in size is more diffi- 
cult, the most important practical case being 
that of solutions of long- chain molecules. 
Approximate calculations of the entropy of 
dilution have been made on the basis of an 
assumed lattice structure in which a solvent 
molecule occupies one site, while the solute 
molecule is supposed divisible into segments, 
each occupying one site, with free rotation 
between segments (c/. Flory, J. Chem. Physics, 
1942, 10, 61, Huggins, Ann. New York Acad. 
Sci. 1942, 43, 1 ; Miller, Proc. Camb. Phil. Soc. 
1942, 38, 109 ; 1943, 39, 64, 131). The entropy 
IS now found to be dependent on the co-ordina- 
tion number Z of the lattice, Miller’s expression 
being : 

~(Z/2) loge|l-(2i;,/Z)(l- V^lVs)}] . (10) 

whore Vg is the molar volume of the solute 
For dilute solutions, this may be simplified by 
expanding the log terms. Incorporating a heat 
of dilution given by (8), the final expression for 


the osmotie pressure of a dilute solution of a 
long-chain polymer may be written : 

where pg is the density of the solute. This 
equation leads to the conclusion that not only 
does van’t Hoff’s law not hold for polymer solu- 
tions, but that except at very low concentrations, 
the first term is negligible for high polymers, and 
the osmotic pressure becomes nearly independent 
of the molecular weight of the polymer. Just as 
in the case of non-ideal solutions of low-molecular 
materials, w^e conclude from (11) that the limit- 
ing value of /7/c at infinite dilution is RTfMst 
i.e., that van’t Hoff’s law is the correct limiting 
law at infinite dilution. Gee has shown (Trans. 
Faraday Soc 1944, 4D, 201), by a very general 
statistical argument, that the same is true for 
solute molecules of any shape or size. Hence, 
the statttstical basis of the use of osmotic- 
pressure measurements for the calculation of 
molecular w eights may bo written : 

Ms IIT (cM . . (12) 

This equation is of general validity and is 
independent of the nature of the solvent, or 
whether it is associated. Gee has also shown it 
to bo true for solutions m mixed solvents (Trans. 
Faraday 8oc. 1944, 40, 403). If the solute is 
solvated, the molecular weight found does not 
include the solvent thus attached. If the solute 
itself is associated, the ” molecular weight ” is 
that of the complex, but it must bo pointed out 
that most molecular complexes would bo broken 
down in solution at concentrations likely to bo 
employed for osmotic-pressure measurements 

Relation of Osmotic Pressure to other 
Properties of Solutions. — Although thermo- 
dynamics docs not enable us to calculate the 
osmotic pressure of a solution, it does give a 
series of relations between osmotic pressure, 
vapour pressure, freezing point, and boiling- 
point. We may regard all these “ colligative 
properties ” of the solution as determining the 
free energy of dilution ; their relation to the 
concentration of the solution and the molecular 
weight of the solute rests on the statistical theory 
given above. The following thermodynamic 
results are given in their exact form ; the re- 
lationships to molecular properties which follow 
are only approximate, but — like van’t Hoff’s 
equation — will bo valid at infinite dilution. 

Vapour Pressure, 

J(?o=-rtrioge(p!J*M) 

~ -RT loge (pJ/Po) ( 13a) ; 

• • ( 136 ); 

where pj*, p* are the solvent fugacities in the . 
solvent and solution ; 
pj, Po are the vapour pressures of sol- 
vent in the solvent and solu- 
tion ; 

Xq is the mol fraction of solvent in 
the solution. 

Freezing-point of Solution, 

Ljr. d(loge T) . (14a) ; 

J ly 

logo Xo c- -(LJ.//IT 02 )(po__y^) . (14ft) . 
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where T®, are the freezing-points of solvent 
and solution , 

L% IS the latent heat of fusion of the 
solvent. 

Boiling-point of Solution. 

. d(loge T) . (15a) , 

J 

logo Xo ~ ~(L%jRT0W^-T^) (156) . 

where T®, are the boiling-points of solvent 
and solution , 

L% is the latent heat of evaporation of 
the solvent 

Kxpen mcnt<tl Tests of Theory Although w e do 
not wish to describe here the extremely careful 
and precise determinations made by Berkeley, 
Morse, Washburn and their co-workers, of the 
osmotic pressures of aqueous solutions (if 
Findlay, op at ), it is of importance to see how 
closely thciir results accord with the above 
theoretical equations Compaiison of experi- 
ment and theory falls under two heads 

1 'J'ho remarkably close agreement found 
between osmotic piossuics measured directly 
and those calculated from \ apour-jircssure data 
shows the membrane used to be truly semi- 
pcrmoable, and also gives evidence of the skill 
of the experimenters, since equation (13a) is 
exact. (The most striking example is the work 
of Berkeley et al on the osmotic pressures of 
aqueous solutions of calcium ferrocyanidc, in 
which osmotic pressures of up to 130 atm. were 
measured, and found to agieo with values cal- 
culated from the vapour pi ensures to better 
than 1%.) 

2. The extent to which equation (6) represents 
the osmotic pressure data is a measure of the 
validity of the assumptions involved in its 
derivation The table below indicates the order 
of agreement found. 

Osmotic Pressurk of Cane Sugar 
Solutions at 0°c 

(Berkeley and Hartley, Pi oc Roy Sue IDIG, A, 
92, 477 ) 


W eight 
concent ra- 

17 (, 

lit in ) 

J//o/T’o 

7T (cor- 

tion g / 1 00 


Calculated 
fiom (0) 

(atm ) 

rected) 

g ^^atcl 

Observed 



3-3927 

2 23 

22 I 5 

0 02 

2 23 

10 184 

6-85 

6 63 

0 25 

6 88 

20-526 

14-21 

13 34 

1 2 

1465 

30 608 

21 87 

20 00 

30 

23 0 

33 945 

24 55 

22 0 

375 

26 7j 

81-262 

67 74 

52 0 



111-731 

100-13 

70-9 



141 107 

134 84 

88 9 




It IS evident from this table that, while equa- 
tion (6) represents the data at infinite dilution, 
the deviation increases with concentration, and 
becomes more than 50% in the most concen- 
trated solution. A considerable part of this 
discrepancy arises from neglecting the heat of 


dilution The contribution made to the osmotic 
pressure is given in the fourth column, calculated 
from the calorimetric measurements of Pratt 
(J. Franklin Inst. 1918, 185, 663). The last 
column, containing the corrected osmotic 
pressures, is in better agreement with experi- 
ment, but still shows the deviations at the higher 
concentrations, though now in the opposite 
sense These almost certainly arise from a 
tendency of the sugar and water molecules to be 
associated in solution, thus reducing the state of 
disorder of the solution and consequently 
decreasing This explanation may bo 

regarded as a modern version of the older 
attempts to reconcile theory and experiment 
by assuming a definite degree of hydration of the 
sugar molecules (if. Findlay, op. cit.). It may 
be noted that corrections for the compressibility 
of the solutions, and for the departure of the 
partial molar volume of water from the total 
molar volume are small, each amounting at a 
concentration of 34 g. per 100 g of water to 
approximately 0 1% of the measured osmotic 
pressure 

The Osmotic Pressures of Solutions of 
High Polymers. — (a) Experimental Tech- 
nique — The design of an osmometer for use with 
solutions of high polymers presents very 
diflerent problems from those encountered in the 
classical work on sugar solutions The pressures 
to be measured are extremely small, since, as wo 
shall see, deviations from van’t Hoff’s law are 
usually serious at any concentration at which 
the osmotic pressure is measurable. Present 
practice aims at measuring pressures of the order 
of 5-50 mm of solution, and it is not usually 
possible to attain an accuracy much better than 
1 mm A number of different designs of instru- 
ment have been described (Adair, Proe. Roy. 
8oe 1925, A, 108, 627 , Dobry, J. Chim phys 
1935, 32, 16, Schulz, Z physikal Them. 1936, 
A, 176, 317 ; Boissonnas and Meyer, Helv. 
Chim Acta, 1940, 23, 430, Caiter and Record, 
J C.S. 1939, 660, Montonna and Jilk, J 
Physical Chem. 1911, 45, 1374; Gee, Trans. 
Faraday 8oc 1940,36,1162, Gee and Treloar, 
ibid 1942, 38, 147 , Fuoss and Mead, J Physical 
Chem 1943, 47, 59 , Flory, J Amer Chem Soc. 
J943, 65, 372). The two models shown in 
Figs 1, 2, and 3, illustrate the mam features. In 
Me^ei’s design (Figs 1 and 2), the solvent and 
solution aie contained in shallow cells turned 
out of two metal blocks, separated by the 
membrane, and clamped together by a ring of 
bolts. The membrane is suppoited on both sides 
by perforated plates. Each cell communicates 
wuth a glass tube and with a filling tube which 
can bo closed by a metal needle-valve After 
assembling and filling, the system is thermo - 
statted and allowed to come to equilibrium, the 
final diflerence of level in the two glass tubes 
(coirccted, if necessary, for capillarity) giving 
directly the osmotic pressure of the solution 
Provided the faces of the metal plates are truly 
flat, no trouble should be experienced with 
leakage past the edges of the membrane, since 
a high pressure is readily applied. The metal- 
to-glass joints may be made with fusible metal 
(as in Meyer’s design) or by fixing the glass on a 
thin-walled copper tube soldered into the metal 
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plate. Most of the recent osmometer designs 
are essentially of this pattern 

Carter and Record employed an all glass in- 
strument (Fig. 3) in which a mercury seal was 
used to prevent leakage betAveen the membrane 
and the rather narrow clamping surfaces. The 




solvent level was in the horizontal capillary c, 
and provision was made for stirring the solution 
electromagnetically. The method of operation 
consisted in applying a series of measured air 
pressures to the solution, observing the rate of 
motion of the solvent meniscus at each pressure, 
and interpolating to find the pressure required 


to keep the meniscus stationary, this is the 
osmotic pressure of the solution By this 
dynamic method it is possible to obtain the final 
result more rapidly than is usually possible by 
the static method, although the latter is con- 
siderably accelerated if the liquid levels are set 
initially at approximately the equilibrium 
position. 

Whatever type of osmometer is used, the most 
important factor in the success of the measure- 
ments lies in the use of suitable membranes 
Extremely satisfactory ones have been produced 
commercially by the ^Icmbranfiltcr G.m b U., of 
Gottingen, these are the “ Ulfrafcinfdtcr for 
aqueous solutions, and the “ Ultracella filter ” for 
non-aqueous solutions When these are not 
available, membranes may be prepared either 
by the controlled swelling of cellulose film (c g , 
“ Ccl 1 o 2 )h(mp ”) or by the denitration of nitro- 
cellulose films ('artcr and Record (I c ) used 
the foimcr method, pn'paiing mcmbianes of 



vai lous degrees of peiineability by swelling them 
in aqueous alcohol J5y analysing the contents 
of the solvent eliamber after each run they 
showed that the low'cr-molecular ot the poly- 
saccharides vMth W'hicli they wore working 
tended to diftuso slightly through all but the 
least permeable membranes , wdien this occurred 
the osmotic pressuio measured was lower than 
its true v^aliio In measurements by the static 
method, this trouble is revealed by a slow drift 
of the pressure to progressively lower values, and 
can be confirmed by replacing the solution by 
fresh solvent, when a negative osmotic pressure 
IS observed 

As the permeability of the membrane is 
reduced in order to prevent diffusion of the 
polymer, the time required for osmotic equili- 
brium IS increased. A new approach to the 
dilemma thus created was made by Fuoss and 
Mead, who used partly denitratcd collodion 
irfcmbranes of quite high permeability. They 
express the view that a satisfactory membrane 
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should be not only permeable to the solvent, but 
actually swollen by it. Under these conditions 
the polymer diffuses through the membrane, but 
at a rate which is sufficiently slower than that of 
the solvent for measurements to bo completed 
before any significant amount of polymer has 
diffused. In this way they were able to measure 
the osmotic pressure within 20 minutes of filling 
the osmometer — a great saving of time as com- 
pared with other methods, although this advan- 
tage may be partly offset by the difficulty of 
washing polymer out of the membrane subse- 
quently. The method has been compared with 
the ^tandard static method by Bartovics and 
Mark {ibid, 1943, 66, 1901) and showed good 
agreement, it appears likely, therefore, to be 
widely used in the future. 

(h) Interpretation of the Jlemdts — It was shown 
in the first section of this article that van’t Holt’s 
law cannot bo expected to hold generally for 



polymer solutions, but that it is necessary to 
extrapolate the data to infinite dilution, when 
the molecular weight can bo calculated by means 
of equation (12). Adair (Z.c ) carried out this 
extrapolation for protein solutions by plotting 
cjU against c, but the statistical theory presented 
above suggests that the best plot would be tt/c 
against c, and that this shoulcl be nearly linear. 
This method has been now generally adopted, 
although the most accurate data seem to indicate 
a slight curvature away from the c axis, as shown 
in Fig. 4 Where data are available for several 
solvents it is found that the extrapolated values 
of Ujc agree within experimental error, although 
the slopes may be widely different. For a given 
solvent, the curves obtained with polymers 
differing only in molecular weight are nearly, if 
not exactly, parallel (c/. Fig. 4). The extra- 
polation is greatly facilitated if the dependence 
of /7/c on c is small, it is usually possible to 
achieve this by a suitable choice of solvent, or 


by the use of a mixture of solvent and non- 
solvent (cf. Gee, Trans. Faraday Soc. 1940, 86, 
1171). A useful guide to this choice is furnishecl 
by employing a solvent in which the polymer has 
a low intrinsic viscosity, and from which it is 
readily precipitated by addition of a non-solvent. 
In such a solvent J//q is large and the two terms 
m Cn (equation (11)) approximately cancel 

G. G. 

OSONES (v Vol II, 293r) 

OSTWALD DILUTION LAW. The 

Oswald Dilution Law (Ostwald, Z physikal. 
Chem. 1888, 2, 36) expresses the application of 
the Law of Mass Action to the reversible ionisa- 
tion of a weak electrolyte, and is usually ex- 
pressed in the foi m . 

a-CI(l~a)~K ... (1) 

whert' K I's the “ classical ” ionisation, or dis- 
sociation, constant and a is the degree of dis- 
sociation If this IS obtained by means of the 
Arrhenius expression a- AjA^ (Arrhenius, ibid, 
1887, 1, 631), where A and Aq aie the equivalent 
eonductiMfios at cfinccntration C and zero, 
respectively, the equation becomes . 

A^-GIA^(A^-A)--.K . . ( 2 ) 

which can be rearranged in the form 

AC^{\iA)AlK-A^K . . (3) 

fiom which it can be seen that a plot of AO 
against If A should bo a straight lino. Testa of 
the equation with conductivity data on weak 
acids and bases yield a satisfactory degree of 
agreement with expoiiment, although systematic 
deviations aie found, the more marked the 
stronger the electrolyte. 

These dc\ lations arc explained by the modern 
theory of elccti oly tes and are duo to two factors 
which are, in part, mutually cancelling in their 
effect. The first of these factors is the variation 
of ionic mobility with ionic strength (see 
Ons\ger Equation, this Vol., p. 94c), so that 
the tnie degree of dissociation is given, not by 
the Arrhenius expression, but by a—AjAx, wffioie 
Ax IS the sum of the ionic mobilities at the con- 
centiation to which the value oi A relates. Ax 
may be calculated by means of the Onsager 
equation (l,c.) or. by reference to conductivity 
data for relevant strong electiolytes, use being 
made of the Kohlrausch law of independent 
migration of ions. Thus, for a weak acid, HA, 

where the various A values all relate to the same 
ionic concentrations as Ax^^ 

The second factor is the failure of the Law of 
Mass Action when the equilibrium quotient is 
expressed in terms of concentrations. The law 
holds rigidly only when the concentrations are 
I converted to activities by multiplying them by 
the proper activity coefficients. Since it is im- 
possible separately to evaluate individual ionic 
activity coefficients, and since in dilute solutions 
the activity coefficient of an unionised solute 
may be taken as unity within close limits of 
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accuracy, the Ostwald Dilution Law expressed 
in the form . 

fl(0,^iCu)=K ... (4) 

where is the mean ionic actiA ity coelhcient, 
Ci=C{AIAx) IS the true ionic concentration and 
Cu=C—Gi IS the concentration of unionised 
solute, is the most accurate representation of 
mass-action law available for weak electrolytes 
in dilute solution Values of the mean ionic 
activity coefficient may be obtained by means of 
the Debye-Huckel activity equation (Debye and 
Huckel, Physikal. Z. 1923, 24, 185) which, in its 
simplest form, is -log/i=A where A is a 
constant, which, for a uni-univalent electrolyte 
m water at 25^c , has the value 0 5056 

This modification of the Dilution Law pro- 
vides the means for the determination of true 
“thermodynamic” dissociation constants, the 
equation : 

log A- log K'-2Ax/C\ . (5) 

where K'=Ci-ICu, being applied, usually 
graphically. Information is required as to the 
value of Aq (or of values of A^) and this is obtain- 
able, in the case of the study of the strengths of 
weak acids, from conductivity measurements on 
solutions of the sodium salts. In certain cases, 
however, these independent data may not be 
available, and it is then necessary to solve the 
conductivity data on the weak electrolyte 
directly for A". Various methods have been 
proposed for this purpose, based on the assump- 
tion that in very dilute solution the conductivity 
is completely defined by the Ostwald Dilution 
Law, the Onsager ionic mobility equation, and 
the Debye-Huckel activity equation (Fuoss and 
Kraus, J Amer Chem Soc. 1933, 55 , 476, 
Fuoss, ibtd. 1935, 57 , 488, Ives, J.C.S. 1933, 
731 , 1943, 511 , Shedlovsky and Uhlig, J Gen 
Physiol 1934, 17 , 549 ; Shedlovsky, J. Franklin 
Inst 1938,225,739). 

The extension of the modified Dilution Law to 
solutions stronger than about 0 01 molar is not 
facilitated by the use of extended forms of the 
Onsager or Debye-Huckel equations because of 
the intervention of “ medium effects,” duo to the 
accumulation of unionised solute in the solution, 
which appreciably modifies its electrical and 
other physical properties. 

D. J. G. 1. 

OTAVITE. Carbonate of cadmium, 
CdCOs (Cd 61 5%), isomorphous with calcite, 
and one of the two mmerals containing cad- 
mium as an essential constituent {v. Green- 
OCKITE, Vol. VI, 136d). It forms white to 
reddish crystalhne crusts of minute curved 
rhombohedra with a brilliant lustre. It is 
found m small amount, together with green- 
ockite, malachite, cerussite, etc., limng cavities 
in the oxidation zone of the deposits of copper 
ore at Otavi in South-west Africa (Ramdohr 
and Strunz, Zentr. Mm. 1941, A, 97). 

L. J. S. 

OUABAGENIN, OUABAIN, OUA- 
BAIO TREE (v, Vol. II, 386a). 

OVERPOTENTIAL. When an ionic 
species is discharged at an electrode at an 
appreciable rate, the electrode potential may be 
displaced from the reversible value observed 


with no current flowing. In such a case the 
electrode is said to be polarised and to exhibit an 
overpotential or overvoltage The total over- 
potential is defined as the potential difference 
between such a working electrode and a similar 
reversible electrode in the same solution. It 
may be made up of contributions from two 
distinct effects • 

(а) A potential difference due to changes in 
concentr.ation of the ionic species near the elec- 
trode as a result of electrolysis ; this is usually 
referred to as concentration polarisation, 

(б) A potential difference due to thermo- 
dynamic irreversibility in the electrode process ; 
this is the factor generally implied when the term 
overpotential is used without qualification, and 
it IS sometimes distinguished as activation over- 
potential. 

CONdiNTRATlON POLARISATION. 

Owung to the discharge of ions at a working 
electrode, their concentration in the solution 
immediately adjacent to the electrode tends to 
diminish. This tendency is opposed by the 
bringing up of ions to the electrode by diffusion, 
convection, and migration, and a steady state 
18 eventually reached when a concentration 
gradient has been established and the ionic con- 
centration at the electrode surface has an 
equilibrium value (C^>) less than the value (G) in 
the bulk of the solution As a result, according 
to the Nernst equation, the reversible potential 
of the working electrode is changed by an 
amount . 

ria^UHTInF)loge(CelC) . (1) 

where n is the valency of the ions concerned, 
and Rf T, and F have their usual significance. 
As the reference electrode is usually situated at 
such a distance as not to be affected by those 
local concentration changes, will bo included 
in the measured total potential difference and 
constitutes the concentration polarisation or 
concentration overpotcntial. 

Concentration polarisation is liable to occur 
wuth all electrode jirocesses Its magnitude and 
dependence on experimental variables are best 
considered by reference to the concept of the 
diffusion layer. It may be supposed, as a first 
approximation, that the working electrode is 
covered by a layer of solution of definite thick- 
ness across which there exists a linear concentra- 
tion gradient, and within which convection is 
neghgiblo Application of Pick’s Law to the 
diffusion of the relevant ionic species of diffusion 
coefficient D gives ; 

Rate of diffusion in g -ions per day 

^AD(C-Ce)IB ... (2) 

where 8 is the thickness of the layer, A its area 
(equal to the area of the electrode), and C and 
Ce are the boundary concentrations in g.-ions 
per c.c. If I IS the current density in amp. per 
sq. cm , it follows that on equating the rate of 
discharge of the ions to the quantity of elec- 
tricity passed per second, the relation ; 

AD(G-Ce)nFIB6,400B^IA . (3) 
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IS obtained, and this on simplification gives ; 

895/ . . (4) 

whence : 

C-(7-0 895/8//)7i . . (5) 

Substitution of this value in equation (1) gives 
the relation 

7jc=±(JlTlnF) loge {1~(0 895/8//)nC)} (6) 

From equation (G) it is immediately apparent 
that concentiation polarisation will be minimised 
by a high dilfusion coefficient, \<ilcncy, and bulk 
eoncentration of ion conceined, whereas its 
magnitude will be increased by a high current 
density (C I) ) and conditions which favour a 
thick diffusion layer. In an unstirred solution 
at room tempeiatuie for a given set of con- 
ditions 8 appears to have a fairly constant value 
of some 0 02-0 05 cm , it is decreased ajipre- 
ciably by rise of temperature and very con- 
siderably by agitation, and both these factors 
therefore tend to reduce concentration over- 
potential. It is seen from equation (G) that for 
a given sot of conditions, there exists a limiting 
value of 1 at which the concentration over- 
potential may become inlimtely largo when the 
second term in the bracket approaches unity 
This is termed the lirmimj C.D. for the jirocess 
considered, and coiiesponds to a state of affairs 
in which CV at the electrode suiface approaches 
zero, further inciease of C IJ will then cause 
the potential to change to such a value that 
another electiode process c<ui occur Fiom 
equation (G) it is apparent th«it the limiting C D. 
is given by the i elation 

/] nil 8958 (7) 

and if 8 is givcm the common value of 0 05 cm , 
this reduces to iiim - 22 31)Cn foi an unstiiied 
solution at room temperatuie. In the above 
discussion, the migiation of the ionic species to 
the electrode has been ignoied, and the aigu- 
ment therofoie only applies strictly to a bolution 
in which the bulk of the current is cairied by 
other indifferent ions. Wheie this is not so, the 
conclusions reached will still apply in a general 
way, but the migration of the ions which are 
discharged will tend to i educe concentration 
polarisation and the onset of limiting cuirent 
conditions will bo less sharply defined 

With concentrated well-stirred solutions of 
simple salts, concentration overpotential is 
usually very small except at cxtiemely high 
C.D’s., and in general it may be said that up to 
C i)’s. of the order of one-tenth of the hmiting 
value for any given set of conditions, concentra- 
tion overpotential will be less than 1 centivolt 
If, however, the substance to bo liberated at the 
electrode is present in the solution as a complex 
ion in equilibrium with a very low concentration 
of simple ion, the latter being discharged, the 
position IS rather different. In this case the 
limiting C.D., which is controlled by diffusion 
of the complex ion, may be quite high, but the 
electrode potential is governed by the mmute 
concentration of simple ion, and this may be 
markedly affected by electrolysis even at very 


low C.D’s , particularly if the dissociation of the 
complex ion is slow; hence considerable con- 
centration polarisation may develop at relatively 
low C.D’s. Abnormal concentration polarisation 
of this kind is frequently observed in the electro- 
deposition of metals from cyanide solutions (c/. 
Foerster, Z. Elektrochem. 1907, 13, 5G1 , Glas- 
stone, J C S 1929, 690, 702) 

ACTIVATION OVERPOTENTIAL. 

The discharge of most ions in electrolysis 
occurs reversibly, and any overpotential ex- 
hibited IS limited to the concentration polarisa- 
tion discussed above. In a relatively few cases, 
however, there appears to be some iiieversibihty 
inhcient in the electrode pioccss, and the dis- 
charge potential may be widely different from 
the reversible value The main reactions in 
which this 18 conspicuously shown are the 
cathodic liberation of hydiogen, the anodic 
evolution of oxygen, and the elcctrodeposition 
of nickel, iron, and cobalt. Of these, the 
cathodic liberation of hydrogen has been most 
closely investigated and will be considered at 
some length. 

Hydrogen Overpotential. 

History. — Early observations on the poten- 
tials at which hydiogen is liberated at cathodes 
were made by Piiam (Ann. Phys Chem. 1884, 
[ill], 21, G8) and Le Blanc (Z physikal. Chem 
1891, 8, 299), but the subject was first systemat- 
ically studied by Caspari {ibtd 1899, 30, 89). He 
noted the potentials at which visible hydrogen 
evolution first occuiied for a number of cathodes 
in dilute sulphuric acid, and found that in all 
cases these were more negative than the re- 
versible hydrogen potential ; the difference 
between the potential at which gas evolution was 
first observed and the reversible value he termed 
the “ Uberspannung ” or overpotential of the elec- 
trode, and ho found it to bo very markedly 
dependent on the nature of the cathode material, 
V aiy ing from about 0 005 v. for platinised plati- 
num to 0 78 V for mercury Tafel (ibid 1905, 
50, G41) developed the concept of overpotential 
by measuring the diffoiencc of potential between 
a reversible hydrogen electrode and a cathode at 
which hydrogen was being liberated at a definite 
C.D., and this convention has been adopted in 
nearly all later work. It is improbable that the 
potential at which visible gas evolution com- 
mences has any fundamental significance, since 
it will depend upon incidental experimental 
factors, for a time it was characterised as the 
“ minimum ” overpotential, but the utility of 
the concept is doubtful and it has gradually 
been abandoned. Since the work of Tafel, some 
scores of investigations of hydrogen over- 
potential have been made, and the subject, both 
on the experimental and theoretical sides, is one 
of considerable complexity and controversy. 

Measurement. — Hydrogen overpotential is 
usually determmed by measuring the potential 
difference between a cathode, which is bemg 
polarised at a constant C.D. in a well-buffered 
solution, and a reversible hydrogen or other 
reference electrode immersed in or connected 
clectrolytically to the same solution. At low 
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C D.’s elaborate precautions must be taken to 
remove oxygen or other cathodic depolarisers 
\\hich may be present m the solution (for general 
technique, see Baars, Sitzungsber Ges. Beford 
Naturwiss. Marbuig, 1928, 63, 213) , at C D’s 
of 10“^ amp per sq cm and up^va^ds the effect 
of dissolved oxygen is generally negligible (Hick- 
ling and Salt, Trans Faiaday Soc 1911, 37, 
319). The overpotential is usually found to 
change with time, and some convention must be 
adopted in this icspect, in some recent woik, 
the steady values ultimately attained on pro- 
longed electrolysis have been taken Two 
different general methods of measuiing the 
potential difference have been employed, the 
direct method and the commutator method. In 
the direct method the o.m f of the combination 
of woiking and refeieiice elcitiodcs is incasuied 
w^hile the polarising current is flowing, wdiilst 
in the commutator method the cuirent is 
momentaiily interrupted by mechanical or othei 
means The commutator method was intro- 
duced to eliminate any error which iii.iy be in- 
cluded in the measured potential diffcience due 
to ohmic drop of potential in the electrolyte 
between the woiking and refeicnc’c electioiles 
With suitable elcctiodc aiiangements, any such 
‘‘ resistance error ” is piobably negligible up to 
C.D.’s of the order of lU"- amp. per sq cm , and 
provided allowance is made by extiapolation foi 
the rapid decay of h;ydrogen ovcipotontial on 
intci nipt ion of the c*uirent, both methods give 
closely similar lesults at low C D.’s At Ingh 
C D ’s the commutator methods usually give 
appicciably lower v^alues of ovci potential than 
are obtained by the diiect method (Consider- 
able contioversy exists as to the lelative ajiplic- 
ability of direct and commutatoi methods at 
high C D ’s , for recent review pa pci s and 
references to the extensive literature, sec Ilick- 
ling, ibid 1937, 33, 1540, Ferguson, Tians 
Electrochem. ISoc. 1939, 76, 113 ) 

Results. — Considerable difficulty is en- 
countered in obtaining leproducible values of 
hydrogen ovci potential at most cathodes, owing 
])robably to uncontrollable vaiiations in the sui- 
laces of the electrodes Published values have, 
therefore, a relative rather than an absolute 
significance, but it has been possible to establish 
the mfluence of various factors. 

The most sti iking featuie of hydrogen ovor- 
potcntial IS its marked dependence upon the 
nature of the electrode material , in general, metals 
of low melting-point have high ov erpotentials 
and vice versa (Mott, ibid 1909, 15, 5G9) Below 
are given comparable values foi a number of 
metals in n. hydrochloric acid at a C D of 1 
miUiamp per sq. cm. at 18°c (Hickling and Salt, 
Trans Faraday Soc 1940, 36, 1220) 


Hg 

. 104v. 

Ag 

0 46 V 

Cd 

0 99 V 

Fe 

0 40 V 

Pb 

0 91 V. 

Ni . 

0 33 V 

Sn 

0 85 V. 

W . 

0 27 V 

Bi . 

0-69 V. 

Pt 

0 25 V 

Al . 

0-58 V. 

Au 

0 17 V. 

Cu 

. . 0 50 V. 

Platinised Pt 

0 01 V 


The physical state of the cathode surface is also 
important, a roughened electrode having a low^er 
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overpotential than a smooth one of the same 
material and size 

Hydrogen overpotential increases slowly with 
rl^^e of iurrent density y and over a consideiable 
range (ca 10~® to 10" ^ amp per sq cm ) the 
connection is a logarithmic one and is usually 
expressed by TafePs equation log /, 

where rj is the overpotential, I the C D., and a 
and 6 aie constants depending on the nature of 
the cathode material and the temperature. For 
a numbci of metals b has a value of about 0*1 at 
room tempcratuie, so that the overpotential 
mcrca&cs b^ approximately 0 1 v for each ten- 
fold inciease m C.D ; but in general b shows 
wide vaiiations, for instance from 0 02 for 
platinised platinum to about 0 3 for lead. (The 
value of b is of considerable theoretical im- 
poitance , foi lists of values and discussion of 
them, see Bowden and Agar, Chem Soc Annual 
Rep. 1938, 35, 90 , Glasstone, ibid 1937, 34, 
107 , N K Adam, “ The Physics and Chemistiy 
of Suifaces,” Oxford, 1941, p. 325, Hickling 
and Halt, Trans Faraday Hoc 1940, 36, 1234 ) 
The investigation of ovei potential at C 1) ’s 
below' 10“ ® amp per sq cm is difficult, since the 
mflucuce of minute amounts of depolansers is 
veiy gieat, but it has been claimed that Tafel’s 
equation holds for a mercuiy cathode down to 
10“^^ amp pel sq era. {see Bowden and Agar, 

I c ), while for catalytically active metals such as 
platinum it has been suggested that theie is a 
linear relation between t) and I at veiy low 
C D.’s (Butler and Armstrong, ibid 1932, 28, 380 , 
Volmer and Wick, Z physikal Chem 1935, 172, 
429) The study of overpotential at high C D’s , 
above 10“^ amp per sq. cm , involves many 
experimental difficulties It has been claimed 
that Tafel’s equation holds up to C D’s of well 
%vor 1 amp per sq cm (Kabanov, Acta Physico- 
chim U R S.H 1936, 5, 193 , see also Frumkin, 
ibid 1943, 18, 23), but investigation by a 
modified commutator method suggests that at 
C.D’s of this order the overpotential tends in 
many cases to approach a specific constant value 
for each metal (Hickling and Salt, Trans 
Faraday Hoc 1940, 36, 1220). 

Tafcl (Ic.) noted that the overpotential of 
most cathodes tends to rise with time of 'polarisa- 
tion, and this has been confirmed by many 
subsequent workers. Mercury, tungsten, and 
platinised platinum give ovorpotentials which 
reach constaht values within a very short time 
of the start of electrolysis ; most common 
metals attain overpotential equilibrium withii* 
about 1 hour, but with platinum, palladium, and 
iron the potentials may increase for several 
hours , with electrodeposited metals these times 
are usually reduced. On very prolonged elec- 
trolysis, roughening of the cathodes may cause a 
decrease of hydrogen overpotential. 

A large number of investigations of the effect 
of hydrogen-ion concentration on overpotential 
have been made (see, e.g , Tafcl, l.c, , Glasstone, 
J.C.S. 1924, 125, 2646 ; Sand, Grant, and Lloyd, 
ibid, 1927, 378 ; Bowden, Trans. Faraday Soc. 
1928, 24, 473 ; Proc. Roy. Soc. 1929, A, 126, 
107 ; Lloyd, Trans. Faraday Soc. 1929, 25, 625 ; 
Lewina and Zarmski, J. Phys. Chem. U.S S R. 
1937, 9, 621 ; lofa, Acta Physicochim U.R.S S. 
1939, 10, 903 ; Hickling and Salt, Trans. Faraday 
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8oc. 1941, 37, 333), and while the results are 
not completely siitisfactory, the bulk of the 
evidence seems to indicate that m wcll-buflFered 
solutions the overpotential is practically in- 
dependent of the pH, provided this is not too 
high. The influence of the nature of the solvent 
on hydrogen overpotential has been investigated 
by measuiements in methyl and ethyl alcohols, 
acetic acid, ethylene glycol, cyc/!ohexanol, and 
bquid ammonia (Carrara, Z. physikal. Chem. 
1909, 69, 75; Swann and Edelmann, Trans. 
Electrochem. Soc 1930, 58, 75 ; Lewina and 
Silberfarb, Acta Physicochim U R S S 1936, 4, 
275 ; Novoselski, J. Phys. Chem. U.S.S.R. 1938, 
11, 369 ; Pleskov, Acta Physicochim. U.R S S. 
1939, 11, 305 , Hickhng and Salt, Trans Fara- 
day Soc. 1941, 37, 224) ; again the results are 
not in complete agreement, but in general it 
appears that the overpotential varies with C.D. 
in a manner similar to that observed in acpieous 
solution, and the absolute values of over- 
potential are not substantially different 

The influence of temperature on overpotential 
has not been investigated very fully, and the 
published results are often unreliable on account 
of changes in the electrode surface during the 
course of measurement So far as the position 
can be summarised, it would appear that for 
high-overpotential metals such as mercury and 
lead the temperature coefficient is some —0 002 
to —0 003 V. per degree, while for low-over- 
potential metals it is very much smaller (c/. 
Rideal, J. Amer. Chem. Soc. 1920, 42, 94 , 
Knobel and Joy, Trans Electrochem. Soc. 1923, 
44, 443 , Bircher and Harkins, J Amer. Chem 
Soc. 1923, 45, 2897 ; Westrip, J.C S. 1924, 125, 
1112, Glasstono, ihid y p 2651, Harkins and 
Adams, J. Physical Chem. 1925, 29, 205. 
Bowden, Proc Roy. Soc 1929, A, 126, 107 ; 
Kobosew and Nekrassov, Z Elektrochem 1930, 
36, 629 , Hiokling and Salt, Trans Faraday Soc 
19 tl, 37, 333). Early expciiments on the effect 
of pressure on hydrogen overpotential led to un- 
ceitain results, but recent work seems to indicate 
that overpotential decreases slightly with in- 
crease of pressure (see^ e g , Cassol and Krumbein, 
Z physikal. Chem. 1935, 171, 7 ; Schischkm 
et al.y Z. Elektrochem. 1934, 40, 713, 724 ; 1936, 
42, 631, 693 , Schmid and Stoll, ihid, 1941, 47, 
360). 

Catalytic poisons, such as arsenious oxide, in 
general increase hydrogen overpotential (Volmer 
and Wick, Z. physikal. Chem. 1935, 172, 429, 
von Naray-Szabo, Naturwiss. 1937, 25, 12 ; 
Hickling and Salt, Trans. Faraday Soc. 1941, 37, 
333), as also does the presence of some colloidal 
substances, such as gelatin or gum arable, which 
are often used as addition agents in electro- 
plating baths (Mane, Compt. rend. 1908, 147, 
1400 ; Pring and Tainton, J.C.S. 1914, 105, 710 ; 
Isgarischev and Berkmann, Z. Elektrochem. 
1922, 28, 47; Westrip, J.C.S. 1924, 125, 1112). 
Substances which affect the surface tension of 
water usually have some mfluence on over- 
potential, but no general relation has so far been 
deduced {see, e.g,, Thiel and Breunmg, Z. anorg. 
Chem, 1913, 83, 329 , Glasstone, Trans Faraday 
Soc. 1925, 21, 36 ; Onoda, Z. anorg Chem. 1927, 
165, 93). 

The rate of attainment of hydrogen over- 


potential in the first fraction of a second after 
switching on the polarising current has been very 
fully mvestigatcd at a mercury cathode (Bowden 
and Rideal, Proc Roy Soc. 1928, A, 120, 59, 
Baars, lx ; Brandcs, Z physikal. Chem 1929, 
142, 97 ; Erdey-Gruz and Volmer, ibid, 1930, 
150, 203 , Erdey-Gruz and Kromrey, ibid, 1931, 
157, 213 , Hickhng, Trans Faraday Soc 1940, 
36, 364; Barclay and Butler, ibid, 1940, 36, 
128). It has been established that m this initial 
growth, the potential varies linearly with quan- 
tity of electricity passed. This seems to imply 
that the rate-determining process m the build-up 
IS the charging of a double layer ; recent measure' 
ments give an average value of about 20 micro- 
farads per sq. cm for the double layer capacity 
at a mercury cathode m pure acid solutions (see 
Bowden and Agar, I c,). The decay of hydrogen 
overpotential on interruption of the polarising 
current has been studied by a number of in- 
vestigators (see, e g., Baars, I c ; Armstrong and 
Butler, Trans. Faraday Soc. 1933, 29, 1261 ; 
Ferguson, Trans. Electrochem Soc. 1939, 76, 
113, Hickhng and Salt, Trans Faraday Soc 
1941, 37, 450). Two distinct processes appear to 
be involved m the decay One, which becomes 
operative only at C O’s greater than 10~® amp 
per sq cm , leads to a rapid drop of potential in 
the first thousandth of a second, and depends 
primarily upon the polarising C D. used. The 
second, which occurs at all C.D’s., leads to a 
slower decay of overpotential, and follows a 
course such that the overpotential ultimately 
becomes proportional to the logarithm • of the 
time; when this state is reached the rate of 
decay depends solely upon the nature of the 
electrode mateiial. 

It has been reported that superimposed 
alternating and high frequency currents decrease 
hydrogen overpotential (see, e g , Rothmund and 
; Lessing, Ann Physik, 1904, [v], 15, 193 ; Ban- 
croft, Trans. Electrochem. ISoc. 1916, 29, 309 , 
Glasstone, J Amer. Chem Soc 1925, 47, 940, 
Harkins and Adams, l.c , Halla, Z. Elektro- 
chem. 1929, 35, 838 , this last paper gives ver} 
full references to the extensive liteiature) In 
the latter case, however, it has been shown that 
the effect is not primarily on the overpotential, 
but leads to an increase in the rate of diffusion of 
depolarisers to the cathode, with consequent 
diminution m the effective polarismg C.D. 
(Glasstone and Reynolds, Trans Faraday Soc. 
1932, 28, 582 , 1933, 29, 399). 

Measurements of the overpotential of deuterium 
show that it is definitely higher than that of 
hydrogen under comparable conditions (Bowden 
and Kenyon, Nature, 1935, 135, 105 , Heyrovsky 
and Muller, Coll. Czech Chem Comm. 1935, 7, 
281), and it is considered that this factor is 
operative in the separation of the isotopes by 
electrolysis. Any theory of hydrogen ovei - 
potential should therefore account for the 
separation coefficients at different cathodes, 
though it may be noted that there is no very 
obvious parallelism between these and the 
observed hydrogen overpotentials (Eucken and 
Bratzler, Z physikal. Chem. 1935, 174, 279). 

Theories of Hydrogen Overpotential. — In 
spite of much investigation, there is no general 
agreement as to the origm and mechanism 
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of hydrogen overpotential. In passing from 
hydrogen ions in solution to ordinary gaseous 
hydrogen molecules a number of consecutive 
steps must occur. If any one of these steps is 
slow, it will cause the cathode to become 
polarised, and an overpotential is to be expected. 
Current theories suggest two alternative loca- 
tions for this “ bottleneck ” 

(a) The initial discharge of the hydrogen ion — 
a process which also involves its dehydration or 
desolvation, probably 

H+HaO. 

(b) The combination of atoms to give mole- 
cules 

2H -> Hg. 

The idea that the discharge of an ion might bo 
a slow process, initially suggested by A. Smits 
(“ Theory of Allotropy,” Longmans, 1922, p. 115, 
Z Elektrochem. 1924, 30, 214), first attracted 
favourable attention when developed mathe- 
matically from different standpoints by Erdey- 
Gruz and Volmer (Z physikal Cliem. 1930, 150, 
203) and by Gurney (Proc Roy Soc 1931, A, 134, 
137), and it has been adopted in some form in 
recent years by many workers. In general teims 
the view postulates that an energy barrier exists 
between the electrons m the cathode and the 
hydrogen ions to bo discharged, and that for 
electrolysis to occur at an appreciable, rate an 
excess potential or overpotential is therefore 
required. This fundamental idea has been 
developed in a variety of ways (see, e.ff., Prowler, 
Tians. Faraday Soc. 1932, 28, 368, Butler, 
tbtd 1932, 28, 379; Proc. Roy Soc 1936, A, 
157, 423 ; lioriuti and Polanyi, Acta Phyaico- 
chim U.R.S.S. 1935, 2, 505; P>umkin, tbid 
1937, 7, 475 , J. Phys Chem. U.S.S.R. 1937, 10, 
568 , Hammett, Trans. Faraday Soc. 1933, 29, 
770 , Eyring, Glasstono, and Laidler, Trans 
Electrochem. Soc. 1939, 76, 145; J. Chem. 
Physics, 1939, 7, 1053), and so far as the position 
can be summarised briefly it may be said that 
the theories based on it explain directly the fact 
that in its mitial growth the hydrogen over- 
potential IS directly proportional to the quantity 
of electricity passed, and they permit the deduc- 
tion of a relation between overpotential and 
C.D of the same form as Tafel’s equation, b 
being given the value 2 3(2KT/F), t e., 0 12 at 
room temperature, which is in approximate 
agreement with the values observed for a 
number of metals. The theories have not in 
general, however, provided any detailed ade- 
quate explanation of the effect of other factors, 
such as the influence of electrode material, time, 
temperature, solvent, catalytic poisons, etc , and 
the initial postulate on which the theories are 
based has itself been adversely criticised. 

The alternative view, that the rate-deter- 
mining process responsible for hydrogen over- 
potential IS the combination of hydrogen atoms 
to give molecules, appears to have originated 
with Tafel (I c.). In its simplest form the theory 
suggests that smee the rate of combination of 
hydrogen atoms to give molecules is relatively 
slow, there will be a minute pressure of atomic 
hydrogen at the working cathode, and from 
energy considerations it can be shown that this 

VoL. IX.— 10 


will give rise to a potential substantially more 
negative than the reversible hydrogen value, 
t e., an overpotential will occur Those metals 
which are good catalysts for the combination of 
hydrogen atoms might then be expected to show 
low over potentials and vice versa, and indeed 
Bonhoefifer (Z physikal. Chem. 1924, 113, 199) 
has shown experimentally that the order of in- 
creasing catalytic effectiveness for a number of 
metals is paiallel to that of decreasing over- 
potential Atomic hydrogen theories therefore 
start fioni a firm experimental basis, and they 
give plausible qualitative explanations of a wide 
range of cathode phenomena, e g , influence of 
catalytic poisons, diffusion of cathodic hydrogen 
through metals, electrolytic reduction, etc., but 
early attempts to develop them quantitatively 
led to disappointing results , thus they gave an 
equation of the same form as Tafel’s equation 
but with the low value of 2 3(/iT/2F), i.e., 0 029 
at room temperature, for b Now versions of the 
atomic hydrogen view have, however, been put 
forward in recent years in which attempts are 
made to allow for the undoubtedly complex gas- 
metal adsorption equilibrium at the electrode 
suiface, and close quantitative agreement with 
experimental results has been claimed (see, e g., 
Baars, I c , Kobosew and Nekrassov, Z Eloktro- 
(hem 1930, 36, 529, Hicklmg and Salt, Trans. 
Faraday Soc 1942, 38, 474) 

Oxygen Overpotential. 

Although a satisfactory, reversible oxygen 
electiode cannot bo set up experimentally, its 
theoretical potential relative to hydrogen can be 
calculated thermodynamically When this theo- 
retical potential is compared with the actual one 
at which oxygon is being evolved at an anode, an 
overpotential, depending on the nature of the 
anode material, is invariably revealed. Thus 
Coehn and Osaka (Z anorg Chom. 1903, 34, 86) 
measured the potentials at whu'h oxygen evolu- 
tion commenced on a number of metallic anodes 
in N potassium hydroxide solution against a 
reversible hydrogen electrode, and, taking the 
e m f of the reversible hydrogen-oxygen cell as 
1 22 V , their results give the oxygon over- 
potentials shown below. 


Au 

. . 0 63 v 

Cu . . 

0*26 V, 

Pt 

. 0-46 v. 

Fe . 

0 25 V. 

Pd . 

0 43 V. 

Platinised Pt 

0 25 V. 

Cd . 

0 43 v. 

Co . . 

0 14 V 

Ag 

. 0 41 v. 

Ni . 

0 13 V. 

Pb . 

0 31 V. 

Spongy Ni 

0 06 V. 


Data on the influence of experimental factors on 
oxygen overpotential are relatively few and of 
doubtful reliabihty owing to experimental diffi- 
culties, in particular the marked upward drift of 
overpotential with time of polarisation. From 
the limited observations which have been made 
(see, e g,, Foerster and Piguet, Z Elektrochem 

1904, 10, 714; Westhaver, Z. physikal. Chem. 

1905, 51, 65 ; Foerster, ibid. 1909, 69, 236 , 
Newbery, J.C.S. 1916, 109, 1066 ; Knobel, 
Caplan, and Eiseman, Trans. Electrochem. Soc 
1923, 43, 65 ; Bowden, Proc. Roy. Soc. 1929, A, 
126, 107 ; Garrison and Lilly, Trans. Electro- 
chem. Soc. 1934, 65, 275), it appears that oxygen 
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overpotcntial increases with rise of C.D , and the 
I elation may be similar to Tafel’s equation for 
hydrogen overpotential, although this cannot yet 
bo regarded as estabhshed . Inc roasc of tempera- 
ture decreases oxygen overpotcntial, the tem- 
perature coeffic lent at platinum being some 
—0 002 to —0 004 V per degree, it has been 
leported that the overpotcntial is independent 
of hydrogen-ion concentration m acid solution, 
and decreases with increasing pH in alkaline 
solutions (Bowden and Agar, Z c ), but fuither 
investigation would seem to be desirable The 
presence of fiuoiidcs definitely irici cases oxygen 
overpotcntial at unattackablc anodes in both 
acid and alkaline solutions (Muller, Z Elektio- 
chem 1904, 10, 780, Isgaiischev and Stepanov, 
ibid 1924, 30, 138) It has been stated that 
oxygen overpotcntial is rcdiucd by superim- 
posed alteniating current (nfCy e g , Giube and 
Dulk, ibid 1918, 24, 237 , Glasstonc, J Amei 
(yhem 8oc 1925, 47, 940), and by light and X- 
rays (Grubc and Baumcister, Z Elcktrochcm 
1924, 30, 322, Bowden, Tians. Eaiaday 8oc 
1931,27,505, Duciaiix, Coinpt. rend 1935,200, 
1838), but fuller investigation seems to be 
roquiied bcfoic the exact significance of these 
results can be assessed 

As for hydrogen, current theories of oxygen 
overpotential fall into two categories, based on 
tlie alternative suggestions that the discharge 
of hydroxyl ions is a slow process requiiing an 
energy of activation, or that oxygen arises 
through the intermediate formation of aijodic 
products (e g , atomic oxygen, unstable oxides, 
etc.) which are considered to be electro motivcly 
more active than ordinary gaseous oxygen 
Pending more thoiough experimental investi- 
gations, such speculations would ajipcar some- 
what piomaturc 

El.FC’TllODhl’OSlTION Ov EUPOTENTl M S 

If concentration polarisation is avoided, most 
metals aic found to dejiosit from simjile salt 
solutions at potentials very c lose to the reveisible 
values With the transition elements non, 
cobalt, and nickel, however, substantial over- 
potentials aie observed even at very low C D’s. 
(Schweitzer, Z, Elcktiocdiem 1909, 15, 002, 
Schildbach, ibid 1910, 16, 907 , Foerster, Abh 
Bunsen-Ges 1909, No. 2 , Glasstonc, J 0 S. 
1920, 2887; Foerster and Georgi, Z phy.sikal 
Chem., Bodenstein Festband, 1931, 453) This 
IS shown by the following figures comparing the 
reversible and deposition potentials ot the three 
metals in N solutions of their sulphates (Glas- 
stone, I.C.). 



Keversible 

Deposition jmteiitJal, V. 

\. 

15"C 55"C 

95°C 

Iron 

-0 46 

-0 68 -0 49 

-0 46 

Cobalt 

*-0 28 

-0 56 -0 46 

-0 .36 

Nickel . 

-0 23 

-0*57 -0 43 

-0 29 


It 18 seen that the overpotentials are very con- 
siderably reduced by use of temperature, and 


this seems definitely to mdicate that the polari- 
sation IS duo to some slow, rate-determining 
stage in the electrode reaction. It has been 
suggested that this may be the initial discharge 
of the ions (*t6, e g , Foerster, Z Elektrochem 
1916, 22, 85, Thon, Compt rend 1933, 197, 
1312), the conversion of an unstable form of the 
metal initially deposited into the stable foim 
{see, e g , Kohlschutter, Trans Electrochem. Soc. 
1924, 45, 229 , Glasstonc, Z c ), or the incorpora- 
tion of the metal ions when clischarged into the 
crystal lattice (Eidey-Giuz and V^olmer, Z. 
physikal Chem 1931, 157, 165 , sec also Hunt, 
Trans Electrochem Soc 1934, 65, 413) ; many 
of the theories attiibute an important retarding 
role to the hydiogen gas which usually accom- 
panies the electrodcposition of these metals In 
the present state of the subject it does not seem 
possible to reach a definite conclusion. 
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OXALIC ACID. 


G 2 H 2 O 4 or 


COOH 

<!jooh 


The mono-potassium salt of this acid occurs 
in many plants, e g , wood-sorrel, garden- 
rhubarb The calcium salt is found m plants 
and urinary calculi, while the free acid is present 
in beet leaves and Fames (Pohjporus) igniarius 
Oxalic acid is also produced in the oxidation of 
carbohydrates by a large number of bacilli and 
by the action of many fungi and yeasts. 


Preparation. 

1. Moissaii synthesised potassium oxalate by 
heating carbon dioxide with potassium 
hydroxide at 80-200° (Compt rend 1905, 140, 
1209) 

2 Sodium oxalate has been prepared by 
Dugan (U .8 P 1232249) by spraying sodium 
into a pebble mill containing carbon dioxide at 
an elevated temperature 

3. Oxalates are obtained when formates of 
alkali metal salts are gently heated. The le- 
action IS improved by heating in a partial 
vacuum to a temperature below 360°, preferably 
about 280° (F P. 381245 , G P 204895, 269833) 
Sodium oxalate is also prepared by heating 
sodium formate with sodium carbonate at 400- 
410° or with preformed sodium oxalate at 360- 
410° (U.S.P. 714347). Yields up to 91% can be 
obtamed in the production of oxalates from 
formates by heating the formate with less than 
6 % of an alkali hydroxide , hydrogen is evolved 
at 290° and the reaction is complete at 360° 
(F.P. 331498, US.P. 748791). By heating a 
formate with sodamide an 80% yield of an 
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oxalate is obtained (Aincr Cliem. Abstr. 1939, 
33 , 1661). 

4. The formate method has been simplified 
by Foldkamp (U.S.P. 802980). who heated 
sodium hydroxide in a current of carbon mon- 
oxide and carbon dioxide (water gas or pro- 
ducer gas). The resulting mixture of sodium 
formate and sodium carbonate, on heating to a 
higher temperature, evolved hydrogen and gave 
a mixture of sodium oxalate and sodium 
carbonate. 

5. Calcium oxalate is produced when a mix- 
ture of equal parts of sodium oxalate and lime 
is heated above 100° in the presence of carbon 
monoxide and water (Canad. P 213376). 

6 When sodium acetate, sodium hydroxide, 
and a copper salt are either fused or heated in 
water at 180-280° in the presence of oxygen 
sodium oxalate is formed (G P. 561180). 

7. An early process for the manufacture of 
oxalic acid consisted in the oxidation of organic 
matter with nitric acid This is carried out in 
the laboratory by gradually adding 8 parts of 
nitric acid (p 1 38) to 1 part of sugar or starch, 
heating the mixture to boiling, and evaporating 
to one-sixth the original volume The crystals 
obtained on cooling are recry stallised from 
water. Ethylene glycol can be used in the place 
of sugar or starch (Seymour, J Chom Educ 
1939, 16, 285). A variety of different con- 
ditions and catalysts (e g , vanadium pentoxido) 
has been described for the commercial produc- 
tion of oxalic acid by this process (G.P. 183022 ; 
208999 , 570733 ; B.P. 184627 , U S.P. 1446012, 
1509575). 

8 OxJilates can be prepared by heating saw- 
dust with caustic alkalis The best results are 
obtained with soft-wood sawdusts but many 
other vegetable materials have been used. Pie- 
treatment of the wood with alkali gives a finer 
product. The process is improved by the in- 
corporation of an oxidising agent, such as hot 
air or hot an and steam, sodium peroxide or 
hydiogen peroxide under reduced pressure, per- 
manganates or manganates (G P. 199583), 
nitrates or chlorates m the picsence of mag- 
nesium salts (G.P. 277733), and a mixture of 
lime, nitrates, metallic oxides, and air at 170- 
190° (F.P 373157). 

9. The electrolysis of sodium cyanide gives 
cyanogen which, on absoibing in 44% hydro- 
chloric acid, gives oxamide , this can be hydro- 
lysed to oxahe acid by the action of concen- 
trated hydrochloric acid (Bucher, J. Ind. Eng, 
Chem. 1917, 9 , 233). 

10. The action of oxides of nitrogen on 
acetylene gives oxalic acid (Kearns, Heiser, and 
Niewland, J. Amer. Chem Soc 1923, 45 , 795; 
Amer. Chom. Abstr. 1930, 24 , 3486 ; tbid. 1938, 
32 , 8368). 

11. A species of mucor grown at pH 5 6 in a 
peptone medium containing crude cane sugar 
produces 28% of oxalic acid together with some 
citric acid. Oxalic acid is also produced by 
Aspergillus niger, A. oryzae, and Penicillium 
solitum (ibid 1938, 32 , 3081). 

Oxalic acid is usually obtained from the 
oxalates resulting from these processes by preci- 
pitation as the highly insoluble calcium oxalate 
w^iich is then decomposed with sulphuric acid. 


The acid cannot be fieecl fiom oxalates by 
direct rocrystallisation from water or organic 
solvents, but recrystallisation fiom 10 to 15% 
hydrochloric acid retains the cations as chlorides 
Recrystalhsation from alcohol containing a httle 
sulphuric acid, then from water, gives the pure 
acid This can also bo obtained by suolimation 
of the crude material below 157° or by decom- 
position of methyl or ethyl oxalate with water 
The anhydious acid can bo prepared from the 
crystalline hydrate by heating with carbon tetra- 
chloride (Organic Syntheses, Coll. Vol. 1, 1941, 
p. 421) or by drying in an oven at 98-99° for 2 
hours (Organic Syntheses, 1930, 10, 78) 

Properties. — Oxalic acid crystalhsos as 
monoclmic prisms containing 2 mol. of watei 
This hydrate, which melts at 101° on rapid 
heating, efiloiesces at 20° in dry air. The 
anhydrous acid molts at 189°. It dissolves m 
about 9 parts of water or 2J paits of alcohol at 
room temporatuio and is slightly soluble in 
cthei . 

On heating at 150° the acid sublimes without 
decomposition, but at higher temperatuies it 
decomposes, giving formic acid and carbon 
dioxide, or carbon monoxide, carbon dioxide, and 
w'ater. On heating with concentrated sulphuric 
acid it gi\cs carbon monoxide and carbon di- 
oxide, w’hilst heating w'lth alkalis causes decom- 
position to carbonate and hydrogen, the latter 
products also being formed when the anhydrous 
acid IS heated with potassium or sodium. 

An aqueous solution of oxahe acid under the 
influence of light and air decomposes into carbon 
dioxide, water and, in the presence of excess 
oxygen, hydiogen peroxide 

Oxalic acid is oxidised slowly with concen- 
trated nitric acid and rapidly with perman- 
ganates, halogens, etc , to carbon dioxide and 
water This property is utilisj3d in the quanti- 
tative detormmation of oxalates or, alternatively, 
of oxidising agents, c j/,, persulphates. 

Oxalates are readily reduced with nascent 
hydrogen giving first glyoxyhc acid and then 
glycollic acid. 

Oxalyl Chloride, b.p. 64°, is produced when 
oxalic acid is treated with phosphorus penta- 
chlonde. 

When ammonium oxalate is heated or when 
oxahe esters are shaken with aqueous ammonia, 
oxamide (decomp. above 320°) is formed. 
Other important derivatives are the mono- 
amide, oxamic acid, m.p 210°; oxanillde 
m.p. 254° ; and the mono-anilide, oxani lie acid , 
m.p. 149°. 

Detection and Determination — When con- 
centrated sulphuric acid is added carefully to a 
solution of oxalic acid containing a little re- 
sorcinol, a blue ring develops at the interface. 
Addition of a few drops of glycerol improves 
the test when the concentration of oxalic acid 
IS very low (Brauer, Chem.-Ztg. 1920, 44 , 
494; Chernoff, J. Amer. Chem. Soc. 1920, 42 , 
1784, Carlctti, Amer. Chem. Abstr. 1937, 31 , 
2552). 

An oxalate solution which produces a brown 
colour with methyl orange paper, on treating 
with fresh manganic hydroxide gives a red 
colour (Sachcr, Chem.-Ztg. 1915, 39, 319; Loch- 
mann, ibid, 1933, 57, 214). 
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Silver nitrate solution (20%) containing nitric 
acid gives a precipitate with oxabc acid but not 
with citric, malic, or tartanc acids. 

Copper oxalate is insoluble in 30% sodium 
hydroxide solution. 

Reduction of oxahc acid with zinc and sul- 
phuric acid gives glycollic acid, which can be 
detected by the blue-green colour it generates on 
heating with concentrated sulphuric acid con- 
taining a little tannic acid, or by the pink colour 
given with 2:7-dihydroxyTiaphthalene. The 
latter can be used for the detection of 1 /itg. of 
oxalic acid (Eogneve, Z. anal Chem. 1932, 89, 
121; 1935,100, 31). 

A red colour is produced on treating oxahc 
acid with sodium vanadate solution and hydro- 
gen peroxide (Ainsworth Mitchell, Analyst, 
1933, 58, 279). 

A blue dye, soluble in alcohol, is formed when 
oxalic acid is fused with diphenylamine hydro- 
chloride. Carbazole fusion gives a deep violet 
(Feigl and Frehden, Mikrochem. 1935, 18, 273 ; 
Augusti, Chim et Ind 1937, 37, 447). 1 

Pesez (BuU. Soc. chim. 1936, [v], 8, 2072), 
describes a test for oxalate in the presence of 
BrOr, CIOs’* NOJ, NOs", and 
Cr04 ,* 1 g. of pure zinc and 2 drops of 10% 
copper sulphate solution are added to a mixture 
of 5 c.c. of test solution and 1 c.c. of cooled 50% 
sulphuric acid. Four drops of the resulting 
glyoxylic acid solution are added to 2 c.c. of con- 
centrated sulphuric acid containing two drops 
of 2% resorcinol in concentrated sulphuric acid. 
A pale blue colour develops in the cold, changmg 
to intense blue on warming Alternatively, a 
few drops of 1% phenylhydrazine hydrochloride 
are added to the glyoxyhc acid solution, which is 
then heated almost to boiling, cooled, and an 
equal volume of concentrated hydrochloric acid 
and 6 drops of 6% K3Fe(CN)e added. A 
bright red colour develops. Iron if present 
interferes, and dilute HoO. is then used instead 
ofK3Fe(CN),. 

Oxahc acid can be determined quantitatively 
by the following methods. The first two are 
generally used, 

1. Titration with potassium permanganate. 
This is carried out in the presence of excess 
sulphuric acid at 70®, and can be used on the 
micro-scale (Kminek, Amer. Chem. Abstr. 1936, 
80, 54, llenaudin, J. Pharm. Chim. 1936, 23, 
447). 

2. Gravimetric determination. The neutral 
oxalate solution is acidified with a few drops of 
acetic acid and calcium oxalate precipitated at 
the boil by the addition of calcium chloride. 
After standing 12 hours the precipitate is 
Ignited at a dull red heat, a httle ammonium car- 
bonate solution added, and the residue reignited. 
The calcium carbonate formed can be weighed 
directly or converted to sulphate by addmg 
dilute sulphuric acid and igniting. For the 
analysis of oxalate by calcium precipitation in 
the presence of citrate, tartrate, and malate, see 
Lmdemann and Schnetka, Z anal. Chem. 1934, 
97, 1. 

3. lodometnc. A dilute solution of oxahc 
acid and sulphuric acid is warmed with N./60 
potassium lodate until iodine is liberated. 
Potassium iodide is added to the cooled solution. 


which IS titrated with 0*1n thiosulphate. The 
titration can bo followed potentiometrically 
(Singh and Singh, J. Indian Chem. Soc. 1939, 
16, 343). 

4. A neutral oxalate solution can be titrated 
with standardised lead acetate using fluorescein, 
eosm. Formyl Violet, Bromophenol Blue, or 
Bromocresol Blue as adsorption indicator 
(Welhngs, Trans. Faraday Soc. 1932, 28, 665, 
Kocsis and Poliak, Amer. Chem. Abstr. 1935, 29, 
1735). Lead nitrate can also be used with 
Chlorophenol Red as mdicator (Zombory and 
Poliak, Z. anorg. Chem. 1934, 217, 237). 

6. Potentiometric with ferric chloride. A 
httle ferrous sulphate is added at the start and 
the titration is earned out in an atmosphere 
of carbon dioxide using a platinum electrode, 
1 Fe-»-++=l (COO)^" (TreadweU and Wett- 
stein, Helv. Chim. Acta, 1935, 18, 981). 

6 Titration with ceric sulphate This can be 
earned out at 50° without an indicator, or an 
excess of ceric sulphate can be added then back- 
titrated with ferrous ammonium sulphate using 
N-phenylanthranihc acid (“ ferroin ”) as m- 
dicator (see F. Pregl, “ Quantitative Inorganic 
Analysis,** p. 382 (Longmans)). Titration at 35® 
with manganic sulphate is also satisfactory, op 
c%t,, p. 387. 

7. Small amounts of oxalates in urine, etc , 
can be determined by acidification with hydro- 
chloric acid followed by continuous ether extrac- 
tion for 72 hours. After evaporation of ether 
the oxahc acid extracted can be determined by 
permanganate oxidation or calcium precipita- 
tion (Louher and Dorche, Bull. Soc. Chim. biol. 
1938, 20, 039). 

Oxalates. 

An extensive senes of salts of oxahc acid exists 
mcludmg normal oxalates, acid oxalates, double 
oxalates (mixed oxalates), and tetroxalates, 
which consist of 1 mol. of oxahc acid combined 
with 1 mol. of an acid oxalate. With the 
exception of those of the alkah metals, oxalates 
are almost insoluble in water. 

Potassium Oxalate, C204K2,2H20, crystal- 
lises in monochnic prisms or pyramids and 
18 readily soluble in water. Potassium hydrogen 
oxalate, C2O4HK, occurs either anhydrous as 
monochnic prisms or as a monohydrate which is 
tnchnic. It is found in the juices of plants, 
e.gr., Oxalis and Bumex, The acid salt is much 
less soluble than the normal salt. Potassium 
tetroxalate, H K,C 204 H 2,2 H 2 O, tnchnic 

crystals, is formed from the acid salt and oxahc 
acid. Solutions of the acid salt tend to break 
up mto the normal salt and the tetroxalate. 

Sodium Oxalate, C204Na2. separates from 
hot solutions as a crystalhne powder or fine, 
glistening needles. Both this and the acid 
salt are much less soluble than the potassium 
salts. 

Ammonium Oxalate, C204(NH4)2,2H20, oc- 
curs in Peruvian guano. It crystalhses in long, 
rhombic prisms which occur as Isevo- and dextro- 
hemihedral crystals and are readily soluble m 
water. The acid salt is less soluble, crystalhses 
in rhombic prisms, and gives a tetroxalate iso- 
morphouB with the potassium salt. 
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Calcium Oxalate^ CaO.Ca,H20, occurs 
naturally. It is highly msolublo m water and 
is also insoluble in acetic acid. Barium and 
strontium oxalates are somewhat more soluble 
than the calcium salt. 

Ferrous Oxalate occurs in lignite combined with 
IJH 2 O as humboldtine. It is o Wined as a 
yellow powder containing 2 H 2 O by mixing 
ferrous sulphate with oxalic acid or an oxalate 

Ferric Oxalate. — The normal salt is deposited 
slowly as a yellow precipitate on mixing a 
normal oxalate with ferric chloride, or on treat- 
ing freshly precipitated ferric hydroxide with a 
quantity of oxalic acid insufficient to dissolve 
the whole Sodium ferric oxalate, 

Na3Fe(C204)3,4iH20, 

18 obtained by dissolving ferric hydroxide in 
acid sodium oxalate solution. 

Antimony Oxalates — The normal salt, 

Sb 203 C,0«,2H20, 

IS prepared by boiling antimonious chloride or 
oxychloride with oxahc acid or by mixmg a 
saturated solution of oxalic acid with a hydro- 
chloric acid solution of the trichloride. Anti- 
mony potassium oxalate, SbKa(C 204 ) 3 , 6 H 20 , 
forms monochnic crystals when a solution of 
antimonio acid is mixed with potassium oxalate 
The sodium salt, SbNa 4 (€ 204 ) 4 , 101420 , is 
prepared similarly. 

Methyl Oxalate, C 204 Me 2 , is obtained by dis- 
solving anhydrous oxalic acid in methanol 
(Organic S 3 nithe 8 es, Coll. Vol. II, p. 414). It 
crystaUises in rhombic tables, m.p. 64°, b p. 163°. 
It 18 converted into oxalic acid and methanol on 
boiling in water. 

Ethyl Oxalate, C 204 Et 2 , can be prepared by 
heating anhydrous oxahc acid with ethanol 
The water formed during the reaction can be 
removed azeotropically (Wahl, Bull. Soc. chim. 
1925, 37, 713). It boils at 186° and decomposes 
on boilmg in water m the same way as methyl 
oxalate. 

J. B. 

OXAZINE DYESTUFFS. The oxazme 
dyestuffs comprise a relatively small class, 
closely related, as their name imphes, to those 
of the azine (v. Vol. I, 666a, 668a, 6786) and 
thiazine series. The first oxazine dye was dis- 
covered by Meldola in 1879 (c/. Meldola’s Blue) 
by condensmg /3-naphthol with mtrosodimethyl- 
aniline hydrochloride; this reaction was ex- 
tended by Koechlin in 1881 and most of the 
important simple oxazine dyes were made 
between that date and 1908, the majority being 
discovered before 1900. No outstanding ad- 
vances were made in more recent years until the 
triphendioxazme dyes made their appearance as 
direct cotton dyestuffs producing bnlhant shades 
of extremely good light-fastness. 

The diphenoxazine dyes are mostly basic 
mordant dyestuffs, used mainly with tannin, 
tannm-tartar emetic, or chromium salt mor- 
dants to produce deep blue to blue-violet shades 
on cotton, with reasonably good fastness proper- 
ties except towards alkah. They are cheap and 
easily applied from neutral media and they have 


found fairly wide application for calico printing 
as substitutes for the more expensive but faster 
vat blues ; this apphes particularly to the naph- 
thophenoxazines (v.infra). They are reduced 
easily to oxidisable leuco-compounds which re- 
form the dyestuffs more or less quantitatively 
on oxidation ; they are not usually discharged 
by hydrosulphite and on this account they are 
used for producing coloured effects in calico 
printing; they can, however, be discharged, 
i e., permanently bleached, by oxidismg agents 
such as sodium chlorate and potassium ferri- 
cyamde. They can also be employed for dyeing 
leather, paper, and silk and as pigments and 
microscopical stains, but these uses are not im- 
portant. By far the most important members 
of the series are the Gallocyanme dyes, which 
are employed not only on cotton, but also as 
chrome dyes for wool, particularly in the form 
of their sulphomc acids 

For the purpose of this article the oxazme 
dyestuffs are conveniently discussed under the 
following headmgs ; 

(а) Simple diphenoxazine dyestuffs. 

(б) Naphthophenoxazine dyestuffs. 

(c) Gallocyanme dyestuffs. 

(d) Tnphendioxazine dyestuffs. 

(a) Diphenoxazine Dyestuffs. 

These dyestuffs take their name from their 
reduced or leu co- forms, which are derivatives 
of phenoxazine, a very stable, colourless com- 
pound, m.p. 148°, obtained by heatmg 0 - 
ammophenol and catechol to 260° (Bemthsen, 
Ber. 1887, 20, 943) , the dyestuffs have the 
ortho- or para- qumonoid or phonazoxonium or 
phenoxazonium salt form represented by the 
generalised formulas below : 

NH 



cr 

Phenazoxonium or o-qulnonoid. 


or 



Phenoxazonium or p-quinonold 
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In common with the azme dyes and the thi- 
azmo dyes, the oxazine dyes are now represented 
as being o-quinonoid phenazoxonium salts (cf 
Kehrmann, Annalen, 1918, 414, 167) as distinct 
from the earher views that they possessed a 
p-quinonoid structure (Kehrmann, Bor. 1899, 
32, 2601) although it should perhaps be men- 
tioned that a case can bo made out for repre- 
senting them as complex salts, which arc best 
formulated on the Wemer-Hantsch system 
(Fierz and Kochlin, llelv. Chim. Acta, 1918, 1, 
216). On the modern idea that all such dye- 
stuffs arc' resonant hybrids of several possible 
electronic forms, no particular canonical formula 
can bo expected to bo entirely satisfactory , 
however, the o-quinonoid formula above is most 
generally acceptable and explains satisfactorily 
all but the finer points in the behaviour of these 
compounds 

In all Ibe important dyestuffs of this (lass 
the giou]) in position 7 * is either an amino- 
or a dialkylamino-group and the group in 
position 3 IS usually a similar group, hydrogen or 
hydroxyl 

Diphenoxazme dyestuffs are made by the 
following gcncial methods (cf A Winther, 
“ Patento der organischcn Clicmie,’* 1908, 
Giessen, Vol. II, p 396) 

1. By the interaction of a p-nitroso-derivativc 
of an aromatic (dialkyl) ammo or a phenol with 
an appropriate aminophenol, or by the mtei- 
action of a mtroso-compound of a m-(dialkyl- 
amin())plicnol with the appropriate ammo, m this 
reaction 2 mol of the mtroso-compound ait' 
employed, a second ^ mol. being necessary to 
oxidise the leuco-compound first foiniod to the 
dyostufi. 

2 By the interaction of quinono dichlorodi- 
imido with m-(dialkylammo)phonols. 

3. By the oxidation of mixtures of p-diamincs 
and m-ammo- or ?/7-(dialkylammo)phenols, or of 
m-hydroxy-p-diammes and amines or by the 
direct oxidation of o-ammophenols, by such 
reagents as acid ferric chloride, dichromatc, 
etc. 

4. By the interaction of ammoazo-compounds 
from appropriate amines and m-aminophenoLs 
or polyphenols or the corresponding aminoazo- 
compound from 7?i-aminoplienol and the appro- 
priate amine ; m this reaction the ary lazo -group 
functions like the nitroso-group in reaction 1. 

The first method is by far the most important 
and the one invariably used wdiere possible , the 
second method also gives good results in the 
laboratory but is liable to bo rather violent 

The following are the more important diphen- 
oxazme dyes, the numbers in parentheses being 
the reference number to the paiticular dyestuff 
m “ The Colour Index,” edited by F. M. Rowe, 
Bradford, 1924. 

Nitroso Blue MR (No 907, Meister Lucius 
u. Brumng, B P 6066, 1898) was a mixture of 
nitrosodimethylanilme hydrochloride, resorcinol, 
and tannic acid whu'h was used for paddmg 

♦ Nomenclature — Several methods of numbering 
the oxazlnea ha^ e been proposed from time to time, but 
for complicated structures like dyestuffs, the most satis- 
factory is the one based on the Patterson System as 
given in Patterson and Capcll, “The Ring Index,” 
Relnhold Publishing Corp , New York, 1940 


cotton, or the separate components were used in 
calico printing, and during the process of agoing 
(steaming), the simple diphenoxazme dye m 
which R and R'-=Me, and X = OH, was pro- 
duced and gave an indigo-blue tannin lake which 
w'as fixed m a tartar emetic bath 

Resorcine or Ins Blue (No 908, Wcselski 
and "Bencdikt, Monatsh 1880, 1, 886), obtained 
by condensing respremol with nitrosoresorcmol 
and brommatmg the product, is of interest not 
as a basic dyestuff', but m connection wuth its 
relation to Lackmoid, the unbi omnia ted com- 
pound, which has been used as an indicator for 
acids and alkalis 

Cresyl Blue 2RN and 2BS (No 877, 
Leonhardt, B P 1390, 21154, 1892) m which R 
and R'=Me or Et, X^NHg and a Me group is 
adjacent to the dialk^lammo-grouj) in the 
S-position, 18 obtained by condensing the appro- 
priate nitroso-7// -chalky lammo-p-crcsol with p- 
phcnylcncdiainmc 

Capri Blue GON (No 876, Leonh.irdt, B P 
13566 , 18623, 1890) is the most impoitant of tlm 
simple basic cliphcnoxa/iiK' dyes and is oliiainod 
by condensing /i-nitiosodimcthylanilmc hydro- 
chloride with m-(licthy lainino-p-cresol as fol- 
lows 


Mer 


EtgN' 


ON, 


OH 

x/" 

Mer^ - 

Et.N^^XoH" 


Et,N 


NMe2,HCI 


NMeXr 


NMe„HCI 



half of a second molecule of mtrosodimethyl- 
anihne being utilised to oxidise the Icuco- 
compound to dyestuff, being itself reduced to 
dimethyl-p-phenylenediamme in the process 
The Capri Blues are still used to a very small 
extent for dyeing tannin and tartar emetic 
mordanted cotton in bright greenish-blue shades 
fast to hght and washing, but these basic' 
diphenoxazme dyes are more of historical and 
academic than of technical interest at the 
present time. 


(h) Naphtiiophenoxazine Dyestuffs 

The naphthophenoxazmes arc of greater 
technical interest than the Capri Blues 
Meldola's Blue (No. 909; Meldola, Ber. 
1879, 12, 2065 ; J.C S. 1881, 39, 37) is obtained 
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by heating an excess (2 mol.) of nitrosodimethyl- 
amlme hydrochloride with ^-naphthol in al- 
coholic solution, and has the constitution 



Its manufacture is an unpleasant operation as 
the dry dyestuff attacks the mucous membrane, 
but nevertheless it has been manufactured in 
large quantities and extensively used as a cheap 
substitute for mdigo, although its importance is 
now dechning. The hydrogen atom in the a- 
position para to the azine nitrogen in Meldola’s 
Blue is reactive, and the dyestuff will interact 
with nitroso-compounds and with amines under 
oxidising conditions to give the corresj)onding 
substituted ammo-dorivative in this position, 
and several dyestuffs are made from the paicnt 
dyestuff in this way Thus, excess of nitrosodi- 
methylanihne or dimethyl-^i-phcnylenediamine 
gives New Blue B (S.C.I ) (No 910, Hoffman 
and Weinberg, 1889), an impurity always present 
in Meldola’s Blue, which dyes mordanted cotton 
m faster and purer shades, but possesses the same 
unpleasant properties, whilst dimothylamine 
gives New Methylene Blue GG (No. 911, 
B P. 6946, 1890). 

Nile Blue A (No 913, Badische Anilm- u 
Soda-Fabnk, BP 4476, 1888) and Nile Blue 
2B (No 914 , Julius, B P. 10619, 1891) prepared 
by condensing mtroso-w-diethylammophenol 
hydrochloride with a-naphthylammo and 
benzyl-a-naphthylamine, respectively, so that 
they carry NHg and NH CHgPh groups m 
the reactive a-position, dye cotton mordanted 
with tannin and tartar emetic in beautiful 
bright blue and greenish-blue shades and have 
for this reason enjoyed some technical import- 
ance 

In passing, it may be noted that Nile Blue A 
and New Methylene Blue GG are also of interest 
for colouring microscopical sections, nitrogenous 
matter being coloured blue, while neutral fat is 
stained bright red, the red colour being due to 
partial hydrolysis of the dyestuff to the iion- 
basic, red dimethylammonaphthophenoxazone 



(c/. Thorpe, J.C S. 1907, 91, 324). 

Alizarine Green B (No. 918) and G (No. 
917 ; Dahl, B P. 6153, 1895) are also dinaphth- 
oxazines carrymg adjacent OH groups in the 
naphthalene nucleus, but they are not technically 
important 


(c) Gallocyanines. 

The gallocyanines are by far the most im- 
portant members of the oxazine series and their 
discoveiy arose from attempts by H. Koechlin 
(BP. 4899, 1881; Monit Sci 1883, [in], 13, 
292) to fix nitrosophenol on to cotton by steam- 
ing in presence of a tannic acid-tartar emetic 
mordant. 

Gallocyanine (No. 883) is obtained by boil- 
ing nitrosodimethylaniline hydrochloride and 
gaUic acid m alcoholic solution and has the 
structure : 

COOH 



OH 


and Gallocyanine BS is the coi responding 
bisulphite compound. The importance of these 
dyes rests in thoir cheapness and m the fact that 
not only do they dye mordanted cotton, but 
also chi o me -mordanted wool m bright navy 
shades of good depth and moderate fastness 
pro{)orties 

The most important dyestuff is Gallocyanine 
itself, but a very largo number of derivatives are 
on the market, mainly as a result of the activities 
of the Swiss hrm, Durand and Huguenin (Basle), 
which has made the development of this field 
its special care, and only the more important can 
bo mentioned here. 

Gallamine Blue (No 894 , Geigy, B P. 2941, 
1889) and the Gallanil Violets (No 896, 
8oc Chim Ind Bale, B P 11848, 1889) are made 
from gallaraide, and gallamlide instead of gallic 
acid whilst methyl g’allate affords Prune Pure 
(No. 893 , Korn, B P 5953, 1887) 

Modern Violet (No 892; Durand, Huguenin 
& Co , BP 21415, 1898) piobably the next 
most important dyestuff to Gallocyanine is a 
reduction (leuco-) product of Gallamine Blue, 
Modern Violet N (No. 881) is the docarboxy- 
lated leuco-gallocyamno, and Core’me 2R 
(No 900) IS the dyestuff from gallamide and di- 
ethyla nimoazobenzene hydrochloride. 

Gallocyanine itself, the amide, and esters all 
contain a reactive position, probably adjacent 
to the carboxyl group, which readily undergoes 
substitution, and a very largo number of now 
dyestuffs have lieen obtained by condensing the 
paicnt gallocyanines with amines, hydroxy-com- 
pounds, etc 

Phenocyanine VS (No 902, BP 24802, 
1893) and Ultracyanine B (No. 901; 
Steiner, B P 6270, 1909) are derived from 
Gallocyanine and resorcinol, Anthracyanine 
BGG (No. 884; Lor6tan, BP. 21949, 1906) 
and its congeners from the parent dye and di- 
alkylammo-diamincs, such as diethylamino-p- 
phenylenediamine, and Amin oga 1 1 a m i n e B I u e 
(No. 896 , De La Harpe and Burckhardt, B.P. 
12067, 1908) from Gallamine Blue and ammonia, 
while Gallanil Blue (No. 897; Mohler and 
Meyer, B.P. 683, 1891) and Modern Azurine 
DH (No. 899, Zehntner and Osw^ald, B.P. 
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19001, 1907) are obtained by treating Gallanil 
Violet and Prime Pure with aniline 

A number of sulphonatod galloeyanines are 
also important as chrome dyes for wool, in- 
cluding Gallocyanine MS (No 885, Bieror, 
B.P. 10333, 1894) which is sulphonated gallo- 
cyanine, and Chromazurme E (No 879; De 
La Harpe and Bodmer, 1908 , cf. G P. 206465) 
obtained by treating Gallocyanine with aniline, 
removing the CO-H group, and sulphonating the 
product ; this clyes chromed wool a shade 
approaching that of Methylene Blue A similar 
product, Del phi ne Blue (No. 878; Hagonbach 
B.P. 569, 1890) 18 made by a slightly ddferent 
process, and Brilliant Gallocyanine, Chromo- 1 
cyanine V, Biue PRC, and Rhine Blue 
(No 888 ; De La Harpe and Vauchor, B P 6055, 
1898) are produced by treating various Gallo- 
cyanmes with aqueous sodium bisulphite m an 
autoclave. 

(d) Triphendioxazine Dyes 

The development of the triphendioxazine dyes 
18 the outstanding feature, as far as oxazmo dyes 
are conrerne<l, of modern times and has taken 
place almost entirely since about 1922 The 
technical method of making these dyestuffs 
was first disclosed in 1912 by Meister, Luems, 
and Bruning (MLB) {cf. B.P. 8886, 1912) by 
submitting diarylaminobenzoqmnones, which 
are easily obtained by condensing p-benzo- 
qumone with arylamines, to an oxidative ring- 
closure process either by heating the con- 
densation products alone in high-boilmg solvents 
like nitrobenzene, or by treating them with con- 
centrated sulphuric acid or with dehydrogena- 
tion catalyHta like aluminium chloride, ferric 
chloride, etc. In the technical apphcation of 
this reaction di-chlonnatod diarylaminobenzo- 
quinones, obtained by condensing the appro- 
priate arylamme with chloranil, are usually em- 
ployed, since they are cheaper to make than the 
non-halogenated compounds. In this first 
patent the product from chlorand and j3-naph- 
thylamme is boiled m nitrobenzene or treated 


with aluminium chloride, or that from chloranil 
and o-anisidine is boiled in nitrobenzene with 
ferric chloride to give bluish-violet sobds which 
afford soluble, bluish-violet dyestuffs on sul- 
phonation 

This method of preparation of 6 13-dichlorotri- 
phendioxazinc from chloranil and aniline (also 
mentioned in the patent) may be taken as the 
simplest case and represented as follows . 

Cl 




Cl 



No further developments occurred until 1922- 
24 when Durand and Huguenin (DH) made the 
quinone dianilide from chlorand and p-amino- 
salicylic acid and rmg-closed it with sulphuric 
acid (BP. 197940; 223481). In 1928, the IG 
took up the exploitation of this type of dyestuff 
and from then onwards a very extensive series 
of patents, starting with B.P. 313094, has 
appeared, in which more and more complex 
diarylammoquinones have been made, ring- 
closed to the corresponding triphendioxazincs 
and sulphonated to give direct dyestuffs for 
dyeing cotton in bright blue and blue-violet 
shades; these have reasonable fastness proper- 
ties to washing and wot processing and out- 
standing fastness to light It is probable that 
several of the newer blue direct-dyes for cotton of 
high light-fastness are sulphonated, complex, 
triphendioxazine derivatives and Sirius Bril- 
liant Blue FFR (Kranzlein, Greune, and 
Thiele, B.P. 313094, 1928) is : 



made by condensing chloranil with 3-amino- N- 
ethylcarbazole, ring-closing the product with 
bomng nitrobenzene and phosphorus penta- 
chloride, and sulphonating the product (cf. 
Fierz -David, “ Kunstliche organische Farb- 
stoffe,” Supplementary Vol., 1935, Sponger, 
Berlin, p. 17), A similar method of prepara- 
tion which closely resembles the foregomg 
one and usually proceeds more smoothly 
because it does not involve an oxidation, was 
described m 1933 by Brunner and Thiess 
(B.P. 416887; see also Fierz-David, Brassel, 
and Probst, Helv. Chim. Acta, 1939, 22, 1348) 
and depends on the nng closure of diarylammo- 
benzoquinones containmg alkoxy-groups m the 


o-position to the N H group in the arylamme 
radical : 
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The agents used for promoting this type of 
ring-closure are aluminium chloride in pyridine, 
benzoyl chloride in boiling nitrobenzene and 
concentrated sulphuric acid 

Various other methods of making tnphendi- 
oxazines are to be found in the literature ; none 
is of any technical importance, but the following 
are given for reference 

1 o-Ammophenols are readily oxidised to 
aminophenoxazones, e g , by qmnone, and under 
more drastic conditions, c f; , by heating to 150- 
160° m presence of hydrochloric acid, a second 
molecule of o-aminophenol reacts to give a tri- 
phendioxazine 


Xx/X/NHj XxX 

1 I 

1 

+ 

- 




2 


+ HX+ (2Hj) 





3 1 J 


X\ 


1 

I I II2HJ 




where X—H, Cl, COgH, ct( 

In the case of nitro-2-aminophenol, no oxida- 
tion occurs, but condensation with halogenatcd 
benzoqumones gives nitrophenoxazones, which 
may be condensed with a further molecule of an 
o-arainophenol to give a mtrotriphendioxazine 
(B P. 411132) 



With aminophenols containing two negative 
groups, e.gr., picramic acid, 5-nitro-3-amino- 
salicyhc acid, and nitroammophenol sulphonic 
acids, the reaction takes a different course, givmg 


2 6 - dichloro - 3 6 - diarylaininobenzoquinones 
which cyclise readily to dichlorotriphendiox- 
azines in the usual \\ay. 

2 Triphendioxazino has also been obtained 
by the fusion of 4 6-diaminorcsorcinol sulphate 
with 2 mol of o-aminophonol (vSeidcl, Ber 1800, 
23, 182) 

3 Kehrmann and his co-workers {cf ihtd, 
1893,26,2735, 1896,29,2076, Hclv. Chun 
Acta, 1926, 9, 866, 1928, 11, 1028) liave pre- 
pared a number of triphendioxazines by the 
condensation of dihydroxybenzoquinonea with 
o-ammophenols In the first stage of this re- 
action, the formation of hydro xyphenoxazono 
can be carried out in aqueous solution, but con- 
densation of the latter with a further molecule 
of o-aminophenol frequently requites drastic 
conditions such as boilmg in benzoic acid or 
anthracene 



xNHg 

I 

O' 

'I I 


i 

^OH 



/ 

/ 

z 

\ 

- OH OH, ' 


/ 

\ 

o 

/ 




The halogenonitrophcnoxazones from halo 
genated quinoncs and nitro-o-ammophcnols, 
mentioned above, are more reactive than the 
hydroxyphenoxazonos and condense with o- 
aminophenols m boiling ethanol or acetic acid. 

The triphendioxazines are stable, inert, 
sparingly soluble substances Triphendtoxazine 
forms dark red crystals with a bluish cast 
sublimmg above 300° as a greenish-blue vapour , 
it possesses very weakly basic properties and 
forms a blue dihydrochloride in concentrated 
acid which is hydrolysed by water. It is un- 
changed by boiling alkali or chromic acid m 
boiling acetic acid, but can be reduced to a 
dihydro- compound (leuco), e fir , by heating with 
phenylhydrazme in xylene or with zinc dust in 
aniline, and this regenerates triphendioxazino 
on re-oxidation. Triphendioxazino can bo 
nitrated to give a crystalline nitro-compound 
(Seidel, Z c.). 6 13- Dichlorotriphendioxazine is 
very reactive and when heated with anilme and 
anihne hydrochloride readily gives a trianilino- 
compound having the structure 


Cl 



NHPh 


(cf. Fierz-David, Brassel, and Probst, Z c ). 

The sulphonated dyestuffs are likewise very 
stable compounds, which are converted mto 
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l(‘uco-compoundH by reducm^ agents, but are 
otherwise unchanged by aqueous, acid, or alkaline 
reagents. 

Literature — An adequate account of the phen- 
oxazlnes, as distinct from dyestuffs derived from them, 
is Riven In V Mover and P Jacobson, “Lebrbiich der 
organischen Oheinie,” Lelp/i«, Vol II (3), pp 1470*84 
For further details on o\azmc dyestuffs, reference may 
be made to the following 

n E Fierz-David, “Kunstliclie organische Farb- 
stoffc,” Springer, li(‘rliM, 1020, pp 351 307, 
Krg.lnzungsband, 1035, p]) 10-17 

A Wintln r, " Pat(‘nte der organischrri Chciiih*," 
Giessen, 1008, II, pp 300-441 

The various summaries and reprints of German 
I’atent Specifications In Friedlander’s “ Fortschritte 
der Teerfarbenfabrikation,” Vols 1-23, Springer, 
Ilerlin, 1940, Scliultz, “Farbstofftabellen,” Leipzig, 
1031-30, and F M Rowe et al , “ O’hc (Colour Index," 
Bradford, 1024 

s c. 

OXIDATION-REDUCTION POTEN- 
TIALS. W D Hancroft (Z physikal Chom 
1892, 10 , 387) was tho first to observe that 
( haractonstic potentials were sot up when plati- 
mim electrodes were immersed in solutions of a 
number of oxidising and reducing agents, whilst 
W Ostwald in a paper on “ Tho Chcmorneter ” 
{ihid 1894, 15 , 399) showed from purely theo- 
ictical considerations that potentials established 
by oxidising and roduc ing agents at unattaekable 
elect rodes really constituted a measuie of the 
oxidising or reducing power of tho particular 
solution Tho first step in the quantitative 
study of these potentials, however, was made by 
K Peters (ihid 1898, 26, 193) on the basis of the 
Van’t Hoff Isotheim. 

Tho difference in potential which exists be- 
tween an inert electrode, such as one of platinum 
or gold, and a solution containing a compound 
m both its oxidised and reduced states, one or 
both being in the ionised form, is known as the 
oxidation-reduction potential, or more briefly 
“ redox ” potential It happens, however, that 
no satisfactory method is known whereby the 
potential difioroneo between a metal and a solu- 
tion in which it IS immersed can be measured, 
and in consequence, tho potential has to be 
referred to, or compared with, tho potential of 
a standard electrode or half-element, e q , 
saturated calomel, normal calomel, or decinormal 
('alomel. Those standard half-elements have 
been standardised against the normal liydrogen 
electrode, the potential of which is arbitrarily 
assumed to bo zero. This is certainly not true, 
but such an assumption makes it possible to 
compare tho “ redox ” potentials which oxida- 
tion-reduction systems set up in solution at an 
inert electrode, and at the same time these 
potentials provide a relative measure of tho 
chemical intensity of any particular oxidation- 
1 eduction process. 

Tho arbitrary zero electrode is that of a hydro- 
gen electrode, supplied with hydrogen at exactly 
one atmosphere pressure, immersed in a solution 
containing one gram-molecule of hydrogen ions 
per litre The hydrogen ions may originate from 
hydrochloric acid m solution, and the required 
c oncentration is computed from tho relationship, 
ac=l, where a is the degree of ionisation, or 
conductance ratio Ac/Aq and c tho number of 
g.-mol. of acid per litre, which on ionisation will 
provide 1 g.-mol. of hydrogen ions at the desired 


temp<*raturc In terms of tho Lewis actnity 
thcoi}, the constitution of the arbitrary zero 
electrode is modified thus : the hydrogen elec- 
trode (at 1 atm ) is immersed in a solution of 
hydrochloric acid the mean ionic activity of 
wdiich IS uiiitv, t a {a^ a_)^=l. Although 
radically different, these two arbitrary zero 
cleitrodcs differ in potential by approximately 
0 003 V at 25°c , and consequently “ redox ” 
potentials computed on tho basis of the classical 
ionisation theory will normally bo 0 003 v more 
positive than they w^ould have been if tho activity 
theory had been employed 

Examples of oxidation-reduction systems fall 
into four categories 

1 Ojidised and Reduced Metal Ions 


Fe 

Fe 

1 IF (!' 

Ce 

Ce 

^ IF 

Sn 

r- Sn 

+ 2F 

Tl 

^ Tl 

+ 2F 

Cr 

Cr 

-( IF 

Tl 

^ Tl 

-MF 


2 Complex A7iions 

Fe(CN)/"^ Fe(CN)6""-i IF 

3 OjyqenaUd Anions and Hydroqen lom 

MnO/f 8H ^ Mn f 4Hp^ 5F 
HCrO/l 7H ^Cr + 4 H 2 O+ 3 F 
BrO/l6H Br'fSHgO fOF 
lO/H 6H ^ I'-fSHgO+fiF 
CIO/ 16 H CI'-fSH^Od-fiF 

t “ Orqanii ” Systems e q , 


o o' 

11 I 



It has been tacitly assumed in giving these 
examples that the chemieal symbols refer to 
gram-atoms (or g.-mol.) and that in proceeding 
fiom left to right tho quantity of electricity 
liberated would therefore be equal to tho number 
of faradays (zF) indicated This would actually 
occur at the cathode if the reductions w'cre 
carried out eloctrolytically. 

Tho reduction process is sometimes repre- 
sented as being caused by the reeeipt of valency 
electrons by the oxidised form or forms, thus . 

Fe fc ^ Fe 

and Mn 04 '-f 8 H Mn •-f4H20, where 

e represents the actual electronic charge and, m 
consequence, the symbols must refer to the 
actual ionised atoms or molecules. 

The foregoing equations represent, at most, 
tendencies, as the reduction processes indicated 
by the upper arrows can only take place when the 
ion in its oxidised state is brought into contact 
with some other ion in its reduced state which is 
capable of being oxidised by the former ion. 
The followmg examples will show how those 
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oxidising tendencies are converted into actual- 
ities m the course of well-known reactions : 

2Fe***-f Sn** -> 2Fe‘ -fSn“* and 
HCrOZ+TH -f 3Fe * -> Cr ••+4H20+3Fe *‘ 

In the first case, to oxidise 1 g -mol of stannous 
ions it is necessary that they should receive 2 F 
of electricity, t.e., Sn Sn ***, which is 

obtained from the oxidising system, viz., 
2 Fe *’ -> 2 Fe + 2 F, whereas m the second 
case the oxidising system 


particular system depends on (a) the concentra- 
tions of the oxidised and reduced states and any 
other ions that may play an integral part in 
the oxidation process, ( 6 ) the equilibrium con- 
stant at the particular temperature, and 
(c) the absolute temperature. For the system : 
Oxidised ^ Kcduced+zF it follows from the 
Van’t Hotf Isotherm, relating to the affinity of 
a reaction, that 




[Reduced]^ 

[Oxidised]^ 


HCrOZ+TH* Cr * -f 4 H 2 O+ 3 F 

provides the necessary electricity, 3F, to oxidise 
3Fe , thus 

3Fe *-f3F-> 3Fe *'. 

It now remains to ascertain why an oxidising 
agent, e g , K 2 Cr 207 (in solution, KHCrOJ can 
oxidise certain 10 ns, c gr , Fe * and Sn* , and >et 
not be able to oxidise Ce* * to Ce*"‘, and it is 
m this respect that the importance of “ redox ** 
potentials arise. With an oxidation-reduction 
system, eg , Fe*“ Fe* -f-lF, there is to bo 
associated an amount of free energy {—AO) 
which becomes available when the reduction is 
rendered possible. In electrical terms, this free 
energy must bo equal to (quantity of electricity) 
X (potential difference), te, —AG-^(zF)xKt 
where E is the potential set up at an inert elec- 
trode vhen immersed in a solution containing 
the oxidised and reduced 10 ns, and z is the 
decrease m positive valency or increase m 
negative valency between the oxidised and 
reduced states. If the free energy, —AO, of the 
oxidismg agent or system is greater than the free 
energy corresponding to that of the 10 ns or mole- 
cules to bo oxidised (considered as a reduction 
system), when oxidising and reducing agents are 
brought into the presence of one another, then 
oxidation will ensue until equilibrium is reached, 
which, if the difference between the two opposing 
free energies is considerable, will correspond with 
almost complete oxidation, whereas a small 
diflerence wUl lead to an incomplete oxidation 
Thus the free energy for the system 

HCrO/d-TH* 4 H 20 +Cr ** 

IS equal to 3Fx — >Cr 

system * 

3Fe*** — > 3Fe'* 

IS equal to 3Fx so that if 

-^^HCr 04 '->Cr isgreaterthan 3 ,, 

t.e., if -> Cr greater than 

3 FxA’'p^ — j-Fe and therefore, if 

^’HCr 04 ' Cr > ^Fe Fe 

reduction will occur, the actual extent depending 
on the magnitude of 

(^HCr 04 '->Cr )~(^Fe -> Fe* )* 

The oxidation of Ce*** ions is not possible with 
H Cr 04 ' ions and H ions because ^HCr 04 ' -> Cr 
is less than Eq^ . 

The precise potential set up at a platinum or 
gold electrode when immersed in a solution con- j 
taming the oxidised and reduced ions of any | 


-HT logo 


[Reduced] 


[Oxidised] 

in which the squaio biackcts repiosoiit the cori- 
centiations (g -mol j>er litre) of the forms en- 
closed theiein and [ give the concentiations 
under true equilibiium conditions Hence 

^^Ox->Ilcd 

{HTlzin logo 


{ItTIzF) logo K -(HTIzF) logo 


[Rod] 


, 0 / 1 ., ini 0 00019847’, 

-(RTlzF) logo 7i ; logio 


.(/t7’/2|.’)logo log. 


LOx] 

[ Rcill 
[Ox] 
[Rod] 

[Ox] 

at 25‘^c. 

In view of the fact that the potential of the 
incit electrode, ^ox-^Ued’ pr«ictico rofeired 
to the jiotential of the normal hydrogen elec- 
trode, arbitrarily assumed to bo zero, it is (dear 
that the equilibrium constant, A”, cannot b(^ 
evaluated from measurements of Eq^ m a 

solution of wliicffi the concentrations [Red] and 
[Ox] are both known The expression, 
(RTjzF) logo K, may, however, bo easily 
evaluated, foi it is the potential established when 
[Red] = [Ox] in the second term, 

[Red] 


(RTlzF) logo 


[Ox]’ 


then IS equal to (RTJzF) logo 1=0 The term 

(KT’/zF) logo IS putoqual to eox-vRcd’ 

and IS known as the normal or standard oxidation’ 
reduction potential, or briefly standard redox 
potential. It thus corresponds with the potential 
established when a pai ticular system is 50% in 
its oxidised state and 50% in its reduced state. 

Applying the Isotherm to the various cate- 
gories to which refereme has been made, it 
follows at 25°c that for 

1 . Sn* •• ^ Sn* + 2 F 


«Sn 


-Sn 


^Sn 


► Sn 


/0*0591\ , [Sn“] 


2 Fe (C N ) s'" ^ Fe (C N ) /'"+ IF 

•®Fe(CN)6"'-».Fe(CN)6""=’®Fe(CN)4"'->.Fe(CN)«"" 

[Fe(CN),’"’ ] 

ft 

6 


-0 0591 log,, 
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3 HCrO/fTH- Cf +AHjO+SF 

-(Or/SF) ■»*« [HCrO/UH^’ 

In this example, unlike the foregoing, hydro- 
gen ions play an integral part in the reduction 
of the HCrO^' ions, and they, therefore, must 
be included m the equation. Hence the term 
(RT/3F) logo ir=e, the standard oxidation- 
reduction potential, is the potential set up at a 
platinum electrode when [Cr***]=-[HCr 04 'J 
and the concentration of hydrogen ions, [H ], 
is equal to 1 g.-mol per litre, or in terms of 
activities, when ^^HCrO/ 

Hence 


^HCr04'->Cr- -®HCrO/->Cr • 



[Cr- ] 

[HCrOVi 


-I Jx0 05i)l log,o[H-J. 


from the last term of which it can be seen how 
great an influence the concentration (or activity) 
of hydrogen ions may have on the effective 
oxidation-reduction potential, ^HCr 04 ' -> Cr 
and consequently on the efficiency of the H CrO/ 
ion in promoting an oxidation chemically. 

4. This system represents the reduction of 
quinone, Q, to the doubly charged anion, Q", 
of hydroqumone, and, as the oxidised and 
reduced forms are isomeric, 

E={RTI2F) logo f-^-l‘-(«r/2F) log, ^-^^3 





[Q] 


A difficulty arises in regard to [Q"], which con- 
centration IS determined by the extents to 
which the very weak acid ionisations 


for which 
and 

for which 


HaQ^ H +HQ', 

IH ]|HQ'] 


'fli = 


LH^Q] 

H;][Q-] 
[HQ'f’ 


K, 




can occur, and this is largely dependent on the 
hydrogen ion concentration, [H*], of the solu- 
tion itself, If the two constants, Kaif and Kaz* 
the [H*] and the total initial concentrations of 
hydroqumone and quinone are known, [Q"] can 
be computed by moans of the equality [Total 
hydroqumone] = [ H jQ undissociatedj-f [ H Q']-}- 
[Q''], and by incorporating the expression so 
obtained in the above potential equation, it 
follows that 


E 


Q 


logc {KaiKaz) 


~(HT/2F)loge 


[hydroqmnone] 

[quinone] 


+ (RTI2F) loge {[ H Ka^l H *]+ A aj Kaz) 


Owing to the fact that hydroquinone in alkaline 
solutions 18 oxidised by means of the air, this 
equation is applicable only to acid solutions, 
from about pH 0 to pH 8, when incidentally the 
last two terms m the last expression become 
negligible m comparison with the first, [H*]^. 
This, however, is not the case with other organic 
systems belonging to this category, e.g , anthra- 
qumone jS-sulphonate 

The determination of oxidation-reduction 
potentials involves the setting-up of a cell 
wdiich may be represented schematically thus : 



Solution contain- 

Saturated 

n-KCI 

Pt 

ing oxidised and 

solution 

HgjCI, 

1 


reduced forms 

of KCI 


Tlic platinum electrode, immersed m the 
“ redox ” system, constitutes one electrode, and 
the other is a standard half-element, such as the 
N calomel electrode shown above. Between the 
two electrodes, or half-elements, a saturated 
solution of potassium chloride is inserted, in 
order to reduce the potential difference, which 
would bo sot up at the point where the two half- 
element solutions meet, to a minimum — m all 
probability to eliminate it entirely. The plati- 
num elet trodc consists of a wire, or preferably a 
piece of foil of about 1 sq cm , fused on to a 
platinum wire, the other end of which is sealed 
into the closed end of a piece of glass tubing, the 
latter being filled with clean dry mercury into 
which a copper wire, with an amalgamated end, 
dips. If it 18 desired to work at some specified 
temperature, then the whole cell should be 
placed in a thermostat Ordinarily, this is un- 
necessary, for the potential of the standard half 
element with regard to the arbitrary hydrogen 
standard is known at different temperatures, and 
the effect due to temperature can be introduced 
m the calculation of the redox potential. 

Blight platinum foil electrodes are usually 
satisfactory, although circumstances may some- 
times arise when a covering with a thm deposit 
of platinum black may be an advantage. 

The E IVl.F. of the cell is measured by means 
of the ordinary Poggendorf potentiometer, 
which may bo either the metre-bndge wire type 
or the commercially produced box type, in con- 
junction with a sensitive high-resistance 
D’Arsonval galvanometer or a capillary elec- 
trometer. If accurate E M.F.’s are required the 
potentiometer will have to be standardised by 
means of a standard Weston cell. The principle 
of the method is to balance the E M.F. of the 
test-cell against an opposed potential difference 
between two points on a uniform wire, the 
length of wire giving the balance being indicated 
by no deflection of the galvanometer which is 
placed in series ith the test-cell. The potentio- 
meter wire is supplied with a steady current 
from a 2-v. accumulator 

A point to remember in setting up the test- 
cell 18 to prevent contamination with potassium 
chlonde of the solution undergomg test, by 
plugging the ends of the inverted U-tube with 
asbestos, glass wool, or sintered glass. Filter 
paper or cotton wool may sometimes be service- 
able, but if these are used great care must be 
taken to ensure that they are not being attacked 
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by the redox system. This apphes more par- 
ticularly to strong oxidising agents, e potas- 
sium permanganate 

If -fc'Redox represents the potential difference set 
up at the platmum electrode and ^standard is tii© 
potential of the standard half-element used, then 
the observed E.M.F. is given by : 

E .M.E. = ERedox — E Standard 


==€Redox~ 


0 0001984T\ , 

. ^ 


[Red ] 

[Ox] 

— ^^Standard 


In general, the platinum electrode is positive 
with respect to the standard electrode, and the 
above expression will apply, but m cases when 
^Redox 18 less than j&Standard, then the E M.F. 
=Ii^Standard— -iS^Rcdox. The change m polanty will 
bo readily observed from the fact that the test- 
cell connections will have to be reversed with 
lespcct to those of the accumulator aei\ing the 
potentiometer 

When Ejivdox becomes very low', there is a 
very real danger that the reduced foim in 
the “ redox s^'&tem ” being investigated will bo 
oxidised by the air, and in such cases the elec- 
trode vessel employed must be closed and air 
prevented from gaining access to the solution by 
passing through the solution an inert gas such 
as nitiogen or caibon dioxide This applies to 
solutions containing powerful reducing agents 
such as chromous, titanous, and stannous ions 

For most purposes, potential of the n. calomel 
electrode can be taken as +0 283 v and that of 
the 0 1 N. calomel electrode as -1-0 337 v with 
respect to the normal hydrogen standard {see, 
how'evor, H. T. S. Britton, “ Hydrogen Ions,” 
3rd ed., London, 1942, Vol I, pp 20 et seq ). 

Table I gives the E M.F.’s obtamed by Peters 
at 17° c. of the cells ; 


normal or standard reduction potential, Cq 
( column 6, Table I) by means of the equation : 

E.M.F.-i^x Cal =E.M.F.“0 283=1"^ 


-co~0 05751ogio 


[Fe-] 

[Fe-J 


m which, as the potential of the N. calomel elec- 
trode IS given with respect to the arbitrary 
hydrogen standard electrode (n-H— 0), Eh repre- 
sents the actual redox potential set up by any 
particular “ redox system ” of ferric and ferrous 
ions. Column 3 gives the percentage of oxidised 
ions, Fe-, m each mixture, a being the fraction 
of the total iron ions in the ferric state Table I 
shows that Eh increases with the degree of oxida- 
tion, a, and that Eh—e>Q at 50% oxidation. 

If Eh IS plotted against a, it will be seen that 
betw'een a— 0*10 and 0 90 the increase is almost 
rectilinear, but between a^O and 0 1 and also 
between a=0 9 and 10 the increases are ex- 
tremely rapid, in fact the equation indicates that 
when a=0 and I 0 the values of Eh are — oo and 
-f 00 , respectively These values, of course, are 
never realised expenmontally. For purposes of 
potcntiometric titration with oxidising or 
leducmg agents, it is sufficient to consider the 
Eh values corresponding to any redox system 


from 


[Red] 99 ,[Red] 1 

lorn 


e. 


, between the 


imtial Eh~eQ—{HT jzF) 2 303 log^o y 
^ 0 0001984T 

=-eft-2x— 


and the final Eh-e^—iRT jzF)'K2 303 log^Q -- 


0 0001984T 

=eo+2x ; 


+ 


Pt 


FeClg (^M) 
FeClg (0 1~a:)M 


O'In-HCI 


n-KCI 

Hg2Cl2 


Hg 


Table I. 


J 

IFe j 

a X 100 

E.M.F 

Eh 

eo 

da/dEj^ 

0 09‘)5 

0 0005 

05 

0 290 

0 579 

0 711 


i 0 31 

0 099 

0 001 

1 

0 312 

0 595 

0 710 

1 

i 

i 

0 59 

0 098 

0 002 

2 

0 331 

0 014 

0 711 

ii 182 

0 090 

0 010 

10 

0 375 

0 058 

0 713 

} 

J 

7 69 

0 050 

0 050 

50 

0 427 

0 710 

0 7J0 

J 

i 7 14 

0 010 

0 090 

90 

0 483 

0 700 

0 711 

1 

J 

1 76 

0 001 

0 099 

99 

0 634 

0 8179 

0 7029j 



In these early determinations of Peters, a 
saturated solution of potassium chloride was not 
interposed between the two solutions of the 
opposing electrodes. If, however, it be assumed 
that (i) the liquid junction potentials were of 
negligible dimensions, (ii) the inclusion of 0*lN- 
HCl completely repressed the hydrolysis of the 
ferrous and feme chlondes, (in) the ratios of 
the concentrations of ferrous and feme ions were 
proportional to the concentrations of the respec- 
tive chlorides, it is possible to compute the 


In the case of the forrous-ferric system at 17°, 
this means that the effective oxidation -reduction 
range lies between Eh 

=eo~2x 0*0575 V and 
-eoH 2x0 0576 v. 

For the system Sn**** ^ SrT*-f- 2F, Eh at 1 % 
oxidation would bo equal to eo“9 0575 v and at 
99% oxidation, it/A-^PQ-1-0 0575 v at 17°o. 

The dependence of Eh on the degree of oxida- 
tion, a, IS known as the poising action of the 
“ redox system ” W. M. Clark has suggested 
that (da/d A a) may be regarded as the poising 
index. 

For the examples given in the first three 
categories : 

A’a- e^-(RTIzF) loge — , 
a 

where z is the difference in valency between the 
oxidised and reduced ions. Hence (daldEh) 
—{zFIRT)x a{l~a), thus giving the change, da, 
m a, which produces an increase, dEht m Eh, 
equal to 1 v. The expression shows the im- 
portant influence which the valency change has 
on the poising index. The last column of 
Table I shows how the poising index varies with 
a, the poising being greatest between a=0 1 and 
0 9. 
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Table 11 gives the \ alucs of foi a uumbei 
of redox systems : 

Taulk 1L — Normal OxiOATroN-KEnucTioN 
Potentials, in \ olts 


Co* * 

->Co * 


1 

82 

Pb- 

• Pb* 


1 

75 

Mn*‘ 

** -> Mn 


1 

bt 

Mn/ 

-f 4H* 

Mno’gH 2 H 2 O . 

1 

()4 

Ce * 

• -> Ce- 

1 

bO 

Mn* 

* -> Mn 

, 

1 

58 

MnC 

> 4 '! 8 H* 

> Mn* 44 H 2 O 

1 

50 

CIO. 



1 

44 

BrO 

3 '+ 6 H* - 

> Br'+SHgO . 

1 

42 

HCrO/+7H* 

->Cr--|4H20 

1 

30 

Tl" 

-> Tl . 

. • * . 

1 

22 

IO 3 ' 

4 6 H* 

il243H20 . 

1 

20 

VO 3 

■• + 2H* - 

^ VO *4 HgO 

1 

00 

NO 3 

'T4H* -> 

NO 4 - 2 H 2 O 

0 

95 

2 Hg 

Hg 2 * 

• 

0 

95 

Fe" 

Fe * 


0 

75 

MnO/-> MnO/' . 

0 

m 

H 3 ASO 34 2H 

HAsOg l H 2 O 

0 

bl 

Fe(CN) 3 "'-> 

Fe(CN)o"'' 

0 

44 

Cu “ 

Cu* 


0 

1 () 

Ti- 

T»*** 


0 

06 

Sn*** 

* -> Sn * 

- 

0 

15 

Cr * 

-> Cr 

- 

0 

41 


Jt will bo noted that tlie oxidising agents appear 
at the head ot the table and that the i educed 
loims ot the systems shown at the foot of the 
table aie the most olhdent i educing agents In 
general, the oxidised loiin ot a systiun highei in 
the table will oxidise the reduced foiiii of a 
system lower in the table, and vice versa, but 
whethei the oxidation or lediution will proceed 
to completion will depend on the dillcronce 
between the Bq ot the two systems involved and 
tlio consequent possible ONerhqiping of the Eji 
values corresponding to tlie oxidising system 
and the system nndmgoing oxidation Anothoi 
tactoi to considei, uteis to systems involving 
hydrogen ions and tlie (died that their con- 
centrations may have on tlu‘ Efi values, which 
actually deteimine whether a system will be able 
to oxidise anotliei or otlierwise Thus m the 
leaction 

H 3 ASO 4 1 2H H AsO.^ I 2H20d 

the (’0 ot the oxidising sy'^tem 

H 3 ASO 4 h2H* -r HAsO^ 1 2 H 2 O 

IS 0 01 and that of tlie reduiing system 
IS 4 0 02, in the piesence ot con- 
centrated hydrochloric acid the leaction pro- 
ceeds quantitatively in the diieition of the top 
arrow whereas in solutions ot pit 7-8 the levciso 
IS the case 

In the foregoing example, reference was made 
to the system. ^12^ I'+F. As this leaction 
involves iodine 111 the elemental state, the 
potentials set up at an iodine elcctiode are 
usually considered under the heading ot electrode 
potentials ; so are the potentials which exist 
between a metal, e g,, copper, and a solution con- 
taining ions of that paiticular metal, eg, Cu*’ 
The electrode equilibrium is Cu** ^ Cu + 2i(\ 
and the potentials set up are given by the e\- 


„ 0 00019842 \ . 

pression Eh=eQ-\ whereas 

z 

m the case of non-metal, R, which enters into 
eipnlibnum with anions, eg., iodine, the 
, ,, 0 0001984T, ^ 

potential Eh-eQ log^o [R*-], 2 being 

the \ alericy of the ions, M*+ and R*". Strictly 
speaking, these electrode potentials are oxida- 
tion-reduction potentials and are compared with 
the N hydrogen electrode standard in the same 
way as are tlio foregoing potentials. Table III 
gives some standard electrode potentials, Bq, 
t e , potentials established at metal electrodes 
when immersed in solutions containing 1 g -mol 
of the respective ions per litre (or m which their 


activity a± = l). 



Table irr 


Au* 

Au 

T 1 50 V. 

Au* 

* -> Au 

1 36 

Hg- 

Hg 

0 86 

Hg3 

*->2Hg 

0 80 

Ag 

Ag 

0 80 

Tl** 

‘ -> Tl 

0 72 

Cu* 

— > Cu 

0 51 

Cu • 

-> Cu 

0 34 

Bl* ■ 

Bl 

0 23 

Sb** 

* -> Sb 

0 1 

H* - 

> H 

0 

Fe* 

• — Fe 

-0 4 

Sn** 

Sn 

-0 10 

Pb* 

Pb 

-0 12 

Nr 

-> Ni 

-0 22 

Zn** 

- > Zn 

-0 7b 

Mg* 

* Mg 

-1 55 

Na* 

(S 

Z 

1 

-2 71 

ic\. 

Cl' 

1 1 36 

hBr, 

j(a<i ) ^ Br' 

1- 1 09 

1«2- 

1' . 

TO 62 


Taking the potentials given m Tables II and 
III togethei, it IS seen why a leducing agent 
HiK'h as titanous or chromous chloride deposits 
gold fiom an auuc salt solution, silver from silver 
nitiate solutions, cop{)cr fiom copper sulphate 
solutions, and bismulli fiom bismuth salt solu- 
tions The negative electrode potentials of the 
base metals, e g , tin, magnesium, and sodium, 
explain why they^ behave as powerful reducing 
agents, 

laither, m the so-called Luthoi’s Rule, gives 
the relationship which exists between the 
standard icdox potential of a system involving a 
particular metal in two ionised forms and the 
standard electrode potentials of that metal in 
equilibrium with one type of ion and also in 
equilibrium with the other typo of ion E (/., con- 
sider the ease of thallium In the ionised form, 
wo have the redox system ( 1 ) Tl**’ -> TI*4-2F 
and we have also the tw^o elect 1 ode systems . 

( 11 ) Tl- >TI*+3F; 

(ill) Tl* -> Tl f IF. 

System ( 11 ), involving the reduction of tervalent 
thallium ions, Tl***, to metallic thalhum, might 
have been earned out in steps, first to Tl* ions 
( 1 ), and thence to motalhc thallium, ( 111 ) Clearly 
the free cneigy involved m the direct process. 
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(ii), must be equal to the sum of the fiee eneigies 
of the two steps (i) and (in) Hence 


~AG{x)-AG{m) 


+ 1F c-r 


whence Sct 


Substituting Cj, _^t|-0 72 v. and ej, _^i-| 
-1 22 V , it follows that e-pj = — 0 28 v 

The Term iH — This term A\as first intro- 
duced by Clark (LI S Hyg Lab , Bull No 151, 
1928, p. 27) in order to express redox potentials 
in terms of the pH of the solution uridei going 
test and some function \^hlch would provide a 
measure of the actual oxidising intensity. This 
function was the term iH, but later Claik 
realised that the term did not always supply tins 
measure and therefore advised that it should bo 
withdrawn. Unfortunately, in some quarters, 
particulaily industrial, the teim was adopted 
and there appears to be cveiy likelihood that it 
will be retained in use 

As the process ojierating at a hydrogen elec- 
trode, supplied with hydrogen at a ])ressure 
equal to tt atmospheres, is essentially that of 
reduction 

for w'hich En --(2 SOmTjF) logjo {see 

11 T S Button, op ett f Vol. 1, p 19) CMaik 
considered that the Eji of any redox system 
could be consideied in terms of the hjdiogcn 
electrode at some appropriate picssuie, tt, and 
for this purpose he put - log^Q 7r=iH Hence 

En -(2 ^milTlF) logi JH J-(2 303/2F) \og,^ rr 
--(2 303mV2/<’)(ill-2pH) 

-0 0000992T(iH-2pH), 

so that if the pH value of the leclox system is sub- 
stituted in this expression the value rll could bo 
calculated directly liom the obseived A’a By 
definition 

and therefore rll would be the negatne ex- 
ponent to the base 10 of the piessuie, it atmo- 
spheres, of hydrogen which would give the same 
Eh at the particular pH Clark had hoped that 
rH would therefore give a mcasuio of the true 
redox intensity which was independent of pH, 
but in complicated organic systems this w'as nc)t 
always the case Thus in the reduction of 
quinone, Q, to the doubly charged anion of 
hydrocpiinone, Q" {tide sujna)^ we saw that 


ZmRTj^F) log,„ 

[QuiiioneJ 

where e'^eQ_^Q„-(RTl2F) loge i^Ka^Kai) 

and ^[H-]=(«r/2F) loge {[H-]2+ A'a,[H-] 

KaiKa^ 

or, generally, for the comparable system 
Ox+2H- -> Red+2F 

Eh^c’-(2 303«'r/2F) log,, 


B^ compaiing this expiessioii with the tt hydro- 
gen electrode expression, it tollows that if 
^[H*] were equal to ( -2 'MYiRT lF)p\l. and 
[Ked)~fO\J, then e' would be ecpial to 
(2 303/^T/2i<')rH and thus ill would supply a 
mcasuie of the redox intensity as was oiiginally 
believed by Clark. The complex foim of 
shows it is not a simple lineai lelationslnp of pH 
as would be required if rH were to be ot any 
material use Where Imcai relationships hold 
rH IS of importance and care should be taken to 
restiict its Use only to such systems To avoid 
confusion, it is better to gi\e both the En and 
pH of the redox system, however 

Redox Indicators. — Many dyestulTs arc 
known which have clilicicnt colours in tlie 
oxidised and reduced foinis and wliuh con- 
stitute redox systems that are dependent on pH. 
Usually, their deductions obey the expressions 

A’A=e'+,^[H-]-0 0000992r logi, 

SO that when [H‘] xs fixed, 

£A=e"-0 00009922’ log,o 

e" being equal to c'-f <^[H 

If a fraction m the oxidised form, then 
1 — a fraction in the reduced foim, and if the 
intensities of the colours ot the oxidised and 
K'duced forms are directly pioportioiial to then 
lespec'tive concent rations, then as 

A’A=e"-0 020 logu at IS' o , 

it is possible to calculate En corresponding to 
any paiticular (uloui Foi values of c" at 
vaiious pH values for an extensive series of 
redox indicators, see li, T S. Button, op cit , 
Vol 11, pp 34-10, Clark rt? (US Hyg Lab, 
Bull No 151, 1928) and L F Hewitt (“ Oxida- 
tion-UediK tion Botentials in Bacteriology and 
Biochemistiy,” London County Council, 1937). 

A practical use of a redox indicator is that of 
IMeth^lcno Blue in the so-called Schardinger test 
m testing milk (y Vol. VTll, 100^;). 

A number of “ redox indicators ” have also 
been applied to the detection of ond-pomts in 
oxidation-reduction volumetric titrations, but 
owing to their changing colour at high En values 
nearly all, except diphenylamine and its deriva- 
tives, can only be used with titrants having high 
rcdox-potentials, e g., with ceric sulphate. The 
En at which diphenylamine changes colour is 
-f 0 76 In order to use it as an mtemal indicator 
in the titration of a ferrous chloride with potas- 
sium dichromate in acid solution, it is essential 
to msert in the solution some reagent, e.g , phos- 
phoric acid or ammonium fluoride, which, in 
formmg complexes wuth the ferric ions, removes 
them from the sphere of action and so keeps the 
redox potential of the Fe*” ^ Fe*’ system be- 
low -f 0 76 

H. T. S. B. 

OXIDISING ENZYMES. Oxidising en- 
zymes consist of the catalytic agents of the 
hving cell that are responsible for the activation 
of substances which, in presence of the cell, 
undergo oxidation or reduction. They are 
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usually classified in two large groups, one group 
embracing the enzymes that control reactions 
in which molecular oxygen (or hydrogen per- 
oxide) IS (so far as is known) the sole oxidismg 
agent, and a second group that comprises all 
enzymes which bring about reactions in which 
the oxidising agent is a substance other than 
oxygen or hydrogen peroxide Enzymes of the 
first group are known as aerobic oxidases ; those 
of the second group are referred to as anscrobic 
oxidases or dehydrogenases. All reactions, con- 
trolled by oxidising enzymes, proceed, in the 
absence of such enzymes, either slowly or at 
rates which are not measurable under the con- 
ditions of tcinpeiaturc or hydrogen ion concen- 
tration which prevail during the growth of the 
cell. The oxidising enzyme activates its sub- 
strates so that these undergo, under biological 
conditions, oxidations or reductions at rates 
very much greater than those which obtain in 
absence of the enzyme 

The great majority of reactions which are in- 
volved m coll respiration, or in the anaerobic 
changes which make up cell glycolysis and 
fermentation (^ee Fermentation, Vol. V, 8d, 
Glycolysis, Vol. VI, 73d), are brought about by 
oxidising enzymes These are also sometimes 
referred to as respiratory enzymes. 

The following is a brief description of the 
general properties of dehydrogenases and aerobic 
oxidases. The subject of biological oxidations 
18 now a very large one, and a detailed account 
of the properties of oxidising enzymes and the 
systems in which they are involved is not 
possible in an article such as this. The reader is 
referred, for more complete details, to the 
various volumes of Annual Reviews of Bio- 
chemistry, Ergebiiisse der Enzymforsohung, and 
Advances in Enzymology, and to such books as 
C. Oppenheimer, ** Die Fermento and ihre 
Wirkuiigen,” 5th ed , Leipzig, 1025 et seq.; 
J. B. S. Haldane, “Enzymes,” London, 1930; 
J. B. Sumner and G. F. Somers, “ Chemistry 
and Methods of Enzymes,” New York, 1943. 

DEHYDROGENASES 

Dehydrogenases have been often defined as 
enzymes which activate the hydrogen of meta- 
bolites This definition is derived from the 
Wieland hypothesis (1912) that before a sub- 
stance can be oxidised through the agency of an 
enzyme, hydrogen atoms of the substance must 
be made labile, or become activated. The labile 
hydrogen is transferred, in presence of the 
enzyme, to another substance such as a dye- 
stulf. The substance whose hydrogen atoms 
become activated by an enzyme w'as known as a 
hydrogen donator, and the substance which 
undergoes reduction became known as a hydro- 
gen acceptor. I'he enzyme responsible for the 
activation of the hydrogen atoms was defined as 
a hydrogen transportase, or more famiharly as a 
dehydrogenase. Thunberg®^ studied dehydro- 
genases of muscle using Methylene Blue as a 
hydrogen acceptor. Ehrlich had already found 
that a variety of living tissues includmg muscle, 
bacteria, and yeasts will reduce dyestuffs such as 
Methylene Blue. Thunberg showed that muscle 
tissue which reduces Methylene Blue under 


anaerobic conditions w dl not do so at an appreci- 
able rate when the tissue is washed. Reduction, 
however, takes place when substances such as 
sodium succinate, sodium lactate, sodium malate, 
sodium nitrate, etc., are added to the washed 
tissue (Thunberg ®i). 

These substances are affected by specific 
dehydrogenases so that they become capable of 
reduemg Methylene Blue and other hydrogen 
acceptors under anaerobic conditions. 

This work by Thunberg was followed by that 
of Quastel and his colleagues on the 

dehydrogenases of bacteria. Work with washed 
suspensions of bacteria (known also as resting or 
non -proliferating bactena) greatly extended the 
knowledge of dehydrogenases and of the manner 
in which they take part in the oxidising system 
of the living cell. 

Equilibria in Presence of Dehydro- 
genases. — Quastel and Whetham^® were the 
first to show that a reversible equilbrium between 
sodium succinate, sodium fumarate. Methylene 
Blue and leuco-Methylene Blue exists in presence 
of succinic dehydrogenase of bacteria Thun- 
berg then found that the same equilibrium 
point 18 obtained in presence of succinic dehydro- 
genase of muscle Later studios made it clear 
that the equilibrium point was always the same 
whatever the source of enzyme and whatever 
method was used to arrive at the equilibrium 
point Moreover the equilbrium point was 
identical with that deduced from thermodynamic 
data. Those results are shown in Table 1. 

Table I 

[Succinate]" + Dyestuft 

[Fumarate]" + Leiicodycstuff. 

Thermal data 

[Succinate]" [Fuinaratel"+2n+ -f2(D 

-20,450 calories (25°r ) 

Experimental data 


Source of 
enzyme 

Method 

used 

-J(;(25°) 

calculated 

from 

observed 

e(iuili- 

brmm 

point 

Investigators 

Resting ii 
coli 

Colori- 

metric 

-20,180 

Quastel and 

Whetham 5^ 

Horse skeletai 
muscle 

>> 

1 

-10,140 

Thunberg 


Potentio- 

metric 

-20,100 

Thunberg <>2 



-20,1H0 

Lehmann 

Beef heart 


-20,140 

Borsook and 
Schott 5 

Beef dia- 
phragm. 

>• 

-20,140 

ff 


* = Free energy cliange 


This discovery led to the finding by Wurmser 
and his colleagues of an equilibrium between 
sodium lactate and sodium pyruvate in presence 
of lactic dehydrogenase. It was then discovered 
that reversible equilibria exist in presence of the 
majority of dehydrogenases. Examples of these 
are shown in Table II. It is thus apparent that 
a characteristic feature of a dehydrogenase is the 
existence m the presence of the enzyme of an 
equilibrium between the reduced and oxidised 
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Table II. 


InvLstiKcitors 


1 alcohol 

^ Acetaldehyde + 2H 
Z-j3-lIv<iroxybutric acid 
^ * Acetoacctic acid -f-2H 
Z-a-Hydroxygliitaric acid 
^ a-Ketoglutaric acid f 2H 
i5oVrop>l alcohol 
r- Acetone + 2H 
/-Malic acid 

Oxalacetic acid+2H 
l.actic acid 

^ Pyi uvic acid + 2H 
yuccinic acid 

Fuinaric acid f-2H 
Hypoxanthme 

Xanthine + 2H 
Xanthine 

-- Uric acid + 2H 


Lchinann ■*- 

Urcen, Dew an, and 
Lcloir ‘0 

Wcil-Malherbe <*» 
Wunnscr and Miirm- 

8(T 70 
Laki 40 

Will nisei and Mayer- 
Jleich 09 

(hiastel and M het- 
hain 51 
Green 

Green 


forms of its substrates (c (j , suec’inatc and 
tiimarate, oi lactate and pyiinato, ete ) The 
ecjuiUbria brought about by dehydiogcmases are 
essential for the aceoniplishraent of the cyclic 
pi oc esses which determine the course of 
respiratory metabolism of tlm living cell 

Specificity of Dehydrogenases. — The 

demonstration that succinate and fumarate 
form a leveisiblo eciuilibiium in presence of a 
dehy diogenase showed foi the first time that 
both succinate and funuirate are activated by 
the same enzyme Wieland’s concept of hydro- 
gen activation could not be correct, foi this 
would not explain wdiy a dehydrogenase should 
activate fumarate as a hydrogen acceptor Thus 
it became clear that the enzyme activates not 
the hydrogen liut the entire molecule of the sub- 
strate so that this becomes a hydrogen donator 
or acceptor accoidmg to the structure of the 
molecule {sec Quastel®^) 

The dehydrogenases aic either completely 
specific, i c , they activate only the reduced and 
oxidised forms of their substrates, or they have 
a narrow range of specihcity Thus succinic 
dehydrogenase has little or no activating power 
on the homologues of succinic and fumaric acid 
— malonic, glutanc, and glutaconic acids ; theie 
seems to be a feeble activating action on pyro- 
tartaric , mesaconic, and citraconic acids Lactic 
dehydrogenase definitely activates a-hydro\y- 
butyric acid but less powerfully than lactic acid 
It has, however, no activating action on / 3 - 
hydroxy butyl 1C acid The dehydrogenase acti- 
vating j 3 -hydroxybutric acid and acetoacetic 
add has no action on lactic and pyruvic acids. 
Formic dehydrogen.ise, the enzyme responsible 
for the oxidation of formate to carbon dioxide 
and water, exerts its effect apparently solely 
upon this acid Choline dehydrogenase brmgs 
about the oxidation of choline 

NMeaCHgCHgOH 

and of arsenocholine 

AsMegCHgCHaOH, 

the corresponding aldehydes being formed, but 
it has no effect on colamine NH2CH2CH2OH 
or on ethyl alcohol. Alcohol dehydrogenase 
activates methyl, ethyl, propyl, and amyl 

\OL. IX .— 11 


alcohols, but it does not affect glycerol or a- 
glycerophosplioiic acid. Glucose clehydrogenase 
seems to activate onjy glucose a-Glyceiophos- 
phate dehydrogenase has no action on the un- 
natural optical isomer of a-glycerophosphate or 
upon j 3 -glycerophosphato. Malic dehydrogenase 
aflects d( 4 - )-malic acid to a lesser extent than 
i(— )-malic acid, it appeals to attack no other 
substrates, apart from oxalacetic acid 

Inhibitors of Dehydrogenases. — In 
general, molecules similar in structure to a sub- 
strate may compete leversibly with tho sub- 
strate foi an enzyme, although they may not 
be activated or undergo ehemioal change. This 
competition bungs about an inhibition of tho 
enzyme’s activity with tho substrate (Quastel 
and Woolriilge^^) Thus with lactic dehydio- 
genase tho following molecules when mixed with 
la( tate strongly inhibit its velocity of oxidation 

CHgCOH) COOH, 
COOHCOOH, 

CHO COOH; 

COOH CH(OH) COOH , 

CH2OH CH(OH) COOH , 

Et CH(OH) COOH, 

Ph CH(OH) COOH, 

Me CO COOH. 

The structure — CO COOH or 
— CH(OH) COOH 

seems to be common to all molecules competing 
with lactic acid for tho onzymo, and would 
appear, therefore, to bo necessary for tho attach- 
ment of a molecule to tho dehydrogenase. 

Witli succinic dehydrogenase, the following 
molerulos compote with succinic acid for tho 
enzyme 

COOH CHgCOOH, 

COOH CHg CHg CH2 COOH ; 

Ph CH2CH2COOH. 

CHjCCOOH) CH(COOH) CH2 COOH ; 
COOH CHMe CHgCOOH, 

COOH CO CHgCOOH 

The stiucturo 111 the substrates necessary for 
attachment to the enzyme appears to be 

CHjCOOH. 

Apparently, however, tho presence of a second 
acid group increases greatly tho affinity of the 
molecule for tho onzymo. Tho competition 
between (say) malonate and succinate for tho 
succinic dehydrogenase obeys the mass action 
law. The high affinity of malonate for succinic 
dehydrogenase has made malonate a very useful 
tool in the exploration of coll metabolism , for by 
means of malonate it is possible to suppress suc- 
cmate oxidation in the living cell and to discover 
by the changes m cell metabolism the part played 
by succinate oxidation in cell respiration and 
fermentation. At the same time malonate in- 
hibition of succmic dehydrogenase mdicates how 
a reversible enzyme inhibition may suppress or 
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poison (cll respiration (and in (onseipierue cell 
development) 

Mole< ul(‘s which comhine witli sin nnu 
dehydrogenase have Jittie or no aftinity foi I/utic 
dcliydiogenasc and luc Xantliinc de- 

hydrogonabc, which activates xanthines hvpo- 
xanthine, h 8-dihyclro\ypiirine and 2-thio- 
xanthine, is inhihitc‘d h^ guanine, uric acid, 3- 
methyKanthine, 1 -me 1hyl<jjuanine, 7-mcthyl- 
guanine, and 1 7-diniethv Iguanine Hut 1 3- 
dirnethylxanthine, theohi online, and cafleine 
have little oi no inhiljitc>iy eflec't (Oooinhs 
The punne nucleus ajipcars to h(‘ necc'ssai^ for 
union with the enzyme, the comhination being 
lurtheied hy ammo groups and retarded hv 
methyl groups Amine oxidase (vulf infra) is 
reversibly inhihitc'd hy jihenjhA’oprop^lainiiic^ 

benzcdnnr and its deiivatives The eoin- 
bination of the amines (and ot the 2 .sopropyl- 
amines which are not activated with amine* 
oxidase*) ohc'vs the* l,i\vs of mass action (M.inn 
and Quaste*! ^®) The* stiuctuie* nc*ee‘ssai\ for 
attachment to amine* oxidase* sc*e*ms to he 
-CH(R)NR 2 w'hcie R H or alkvl With 
diamine oxidase two basic groups m the siih- 
strate w'oiild appc*iU to he necess.iiy (oi att.ieh- 
menttothc e*nz^nie 

Laetie d(*h} cliogc*nas(* is inliihitcd ])V simdl 
(plant itic's of pvruvate*. whilst malic* (le*h\c{to- 
genase ee mhihit(*cl by both pyiuvate* and 
oxahie (‘tate* Succinic dehv drogenase* is in- 
hibited bv oxalaec'tate 

The* mhdntive* e*iU‘ets of cv<inicle, pviojihos- 
])hate,and lodoaec'tate* on some* clc*hv dioi<e*nasc s 
aie show n m Table 1 1 1 

'ram K 111 


used for the study of dehydrogenases under 
an.erobie conditions, because of the technical 
.id vantage of following a eoloui change*, otht'r 
hydrogen «iccej>tois can also he used Dinitrc^- 
compoimds have been employed Recently, 
feineyanide has been used m manomctrio studies 
of dehydiogcnases under anaerobic conditions 
((^uaste-l and Wh(*atl(*y ^“) Feriie*yanide is le- 
duccMl to leiroeyanide with liberation of acid 
The acid leaets with bicarbonate whic*h is 
added to the* system, and the rate of evolution 
of carbon dioxide is incasuicd manoinc'tne ally 
Coenzymes of Dehydrogenases. — Har- 
den and Voiing^* discovc led that the* process of 
glu(*e)se feiine'itation by \e*ast reepnred the 
presene e of a thermo stable substance w hi(*h the^ 

( allc'd e o7y niase (e V'ol 111, 2.^)0e, Voi \', l5/> , 
\ ol \T, 78r) It IS now Inown that eo/vmase 
IS the eoc*n/yme* of a numbci of dehydrogenases, 
i e , these enzymes will not accomplish the* reduc- 
tion of hydrogen aecejitois such a^ Methyle*ne 
Blue or of ferric yanide* except in the pie*senee of 
( o/y mase 

Waibiiig .incl ('hiistian sliowc'd th.it mam- 
malian r(‘d blood cc'lls eonl. lined an e‘ii/yme 
which e<i(alvse‘d the* oxid.ition of glucose-li- 
phosphate The activity of this (‘iizyim* was 
found to de*pe nd upon the* pic •.e*ne e ot a < oenzy me* 
which was isol.it e*d 'flic* suhst.ince was found 
e*ve*ntually to be* ec)mpose*d of me otinamide, 
ael(*nine, iibose, ,in(l pliosplione acid, thus 

Nicotinamide* eZ-iibose* (phc)s[)hoiicacidrc‘si- 

clue) 3 -c/-iibc)se-adc*nine 

A little* Liter, Fule*t, Albe*is, and Sc hlenk 
obt.imc*cl nieotmanndc* from c*o/yma^(*, the 
sti lie turc* ol w hie li w as founcl to be .is follow s 


I 1 iihilutioiis f)\ 

Dehv clioKc iiasc 


Sue e line 
Jaie tic 
Ale ohol 
Xanthine 
a-Glyeerophos- 

phorie 

Arsenite*H and .sodium lluoiidc* ’-how general 
toxicit} to de*hydie)genasc*s at relatively hiLdi 
eoneent rat ions 

CVrtam dc'hy diogemases reepnre* — SH gioup’i 
for their ae tiviticxs and i(*agc*nts vvhie h i in mobilise 
such thiol gre)U})s inhibit the dehv diogc'iiases 
Oxiclis(*el glutathiono maetivates suecinic de- 
hydrogenase,*^^ and the activity nia^ be it*stoied 
by treatment with reduc'C'd glutathione A 
variety of reag(*nts such as alloxan, maleic* ae*id, 
and (oppei sulphate inhibit siiecmie* dehydio- 
genaao under conditions wheie they will not 
inhibit lac'tic, malic, and a-gly e eiophosphoric 
dehydrogenases 'I'hese inhibitions are allev rated 
by treatment with re*agents which restore the 
thiol group of the enzv me 

Hydrogen Acceptors used with De- 
hydrogenase Systems.— M hilst Methylene 
Blue and other dyc'stuils have geneiallv been 


HCN 

(U ()U.iV) 

D 

0 

0 

KMf 

0 


! I’vio 

pll<)MIll|.||( 

(0 (12m ) 


in 

0 

0 

(I 


<ic ( (<it<* 
(() ()(MM ) 

D 

0 

0 


Nie olmamieie*- c/ iibose*-([)liosphoiic acid ic*-!- 

duc*)jj eZ-iibose- adenine 

3 he* work of W'.uhiirg .incl liis e olleagues 
made itelc'arthat the coc n/yine of hexose mono- 
phosphate* oxidation undergoes reduction eluiing 
the* en/jine* re*ac*tion, the hexose* inonophos])liate 
becoining oxidised The ic*eluc('d foim ot the 
eocn/yme i.s not aiitoxidisable but may be 
oxicIiscmI in a vaiioty of ways The reversible 
oxidation and rc'dnc'tion of the coenzyme ae- 
eount.s foi its c*atalytie' jiovveis Spec t rose opie* 
e*v iclence iiiaele it c*leat that the* me otinamide part 
ot the molee ule is the se*at of the oxido-reduetive 
changes 'riius 

„ ,CONH., / .CONHo 

‘h 2H I I 


( Wy mase, the diphospho-uieotmaniide-adeiune- 
clinueleoticle is widely distributed and is a co- 
enzyme for a large variety of oxidative enzyme 
systems The tiiphospho-dmucleotide acts as a 
eoenzv me for a smaller number of such systems 
The various specific proteins with eac’h of 
w'hich eozymase combines reversibly are de- 
hydrogenases capable of activating many sub- 
strates and aeeomplishing their oxiciation 
Reduced eozymase is ecjually capable of com- 
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bining in a reversible manner with dehytlro- 
genavses, and activated substrates may oxidise 
the reduced coenzynie, themselves iindergoinii 
1 eduction. Equilibria are set up in the following 
ways 

Lactate-j-cozyinase J.actu' lirlndroKouaso 

V 

pyruvate | lediued tozymase 


Ethyl alcohol-f cozjmase Ah olinl d<'livili<>Kt‘nasc 

Aoetal{leh>de-| i educed eozyma^e 

Owing to the fundamental fact that combina- 
tions with the coenzyme is not restiictc'd to one 
dehydiogenase, the coenzyme can act as a link 
between a variety of oxido-reductiv e systems 
This IS sliovvn in the following ex«unple 

^-Hydroxyhutyuc and Lactic Dehydrogenases 

CH3 CH(OH) CHg CH3 CO CH^ 

COOH (V)/\ mast' COOH 

'h < + 

CH3 CO COOH CH3 CH(OH) 

COOH 

The extent to whuh these intcuac t ions will pro- 
ceed depends upon the e({uilibnum (onst<int'» 
betwcM'n cocuizyme and the .speiulic dehydio- 
genases (‘oinbining with it and also on whethei 
a product of intei.ution is removed tiom the 
eipnlibiium system bv <i secondaiy changi* 

It. IS, theiefons jiossible foi coz^inase to 
instituli* in the cell a wliole chain ot leai lions 
involving tiansfei of h^^diogen fiom one molecule 
to another as long as the appropiiate deh^ilio- 
gemises are present Its fun(*tion is that ot .1 
middleman capable of re<>eiving hydrogen from 
various substrates artivated by difleient 
en/vmes and jiassing it on to other substrati's 
activated by then en/}ines It legulates the 
speed and jiassage of hydiogen ni the cell and 
in this way helps to control tlie rates and couis(*s 
of intnn ellulai oxidations A list of mok*cules 
the oxidations and K'dintions of winch aie 
contioll(‘d in this way by (o/\m«ise is shown in 
Table 1 \ 

Taiilk 1Y — Mcmrc’i LIS thl Omdvtions 

JIldlc’Tioxs oi< vviiicii Aui: Coxiiiollld 
11 \ Po/AMVSK 


Substnitc 

Siibstiatc' 

attivati'd as u 

ac tivatc d <is u 

hvclro^cn 

b>drogcn 

donator bv u 

ac ( cptor b\ u 

dch>dio- i 

1 dcfivdio- 

gciiasc 

gc'uasc 


a-CJlvtcrnphus-' 

phatc* 

Irioscplios- 

phatc* 

Lactate 

Alcohol 


I- 


It I 

er 


fTnosi j)hos- 
T)hat(* 
Ph()si)ho- 
iilv( ( mte 

Pvruvatc 

Aldehyde 


Glutamate 


Malate 
^-Hydroxv - 
butv rate 
Glucose 


-f ^ 


a KetoKlut. ir- 
ate t NH3 

Oxalac elate 
Acetoacetate 

(‘q Gluconate 


KlIck IK e 


Kulci, Vdler 
and Glinthi i 
W.irbuir; and 
Clmstnin 
Straub 

.NeKelem and 

W ulir 

Kuler, Adltr, 
Gunther and 
Das 
Green 

Green, Leloir 
ami Dew an 21 
Hawthorne and 
Harrison 26 


There is no reason to suppose that eozymaso 
and- ledined < 07^ in.iso ,ue anv more than sub- 
stiates tor the dehv dioe'v'n.iso', 'riu'ii athnities 
lor a dehydrogenase <ue of the same older as 
those of the more familiai siibstiates, as in the 
case of alcohol dehydrogenase and acetaldehyde 
(Ntgelem and Wultl**®) 'Phey diltei liom such 
substrates, hovvevei, in their ability to combine 
with a huge variety of deh\ drogenases and aie 
obviously so combined with the enzymes that 
they do not intei fere with the approach of the 
more f<imiliar substrates As will be shown 
later, reduced cozyinase must be capable of 
( ombiiiatioii with, ^ and aitivation by, still 
another class of en/vme, a Hav o])iot(‘in But 
heie it pass(‘s its h\ diogen to .inothei nin U'ol ule, 
rsoalloxaziiie-adeinne-diniu k'otide, whuh is a 
constituent of the llavoprotein 
Although neither nicotinic acid nor nicotin- 
amide can itself ai't as a coenzvme in dehydio- 
gc'iiase systems, the lattei molecule may in- 
diUHtly intluence the kinetics ot isolated 
oxidising systems This is due to the fact that 
cozymasc' is broken down by a nuck'otidase in 
the tissue's and this hydiolvtie viv/muo lias been 
shown by Mann and DiiasteH** to bo inhibited 
s|)i‘ciii< ally b\ nicotinamide Nicotinamide in 
tact stimulatc's the' lespiiation of isolatc'd tissue 
svstems b('caus(‘ it inhibits the bic'akdown of 
eo/ymase, the integrity of vihich is nec-c'ssary for 
optimal U'spii.ition 


Jidio flavin 

The isokition liom v(‘ast by Waibiiig and 
Christian,**' ot a conjugatc'd protein wliic’h 
thc'v calk'd .1 “ yellow en/\ mo ” was followed by 
the isolation f 10111 egg w’hile and milk by Kuhn, 
()l>oigv, and Wagner -tlauregg,*^^ and fiom vvhc'y 
l\v Elimger and Kosc hai ra,^** ot a lactotlavin 
which sc'c'rnc'd to be identic*al with the yc'llow 
compound assoc latc'd with the yc'llow enz^^me 
G>orgv, Kuhn, and Wagner -J an rc*gg showed 
that kictollavin or ribotlavm is ick'iitical with 
vitamin-Zyg 'Phe ck*monstration that this tlaviii 
can undc'igo rc'ilucdions and oxidations in bio- 
logical svstc'ins sc'ived to foc-us attention on the 
])ossible par t playc'd by v itamm-ZIg ni respiratory 
systems. 

A mimbc'r of llavoproteins are now' known to 
exist, each having specitlc catalytic powers in 
oxidative systems The c-oc'iizyme or prosthetic 
group assoc'iated with the specitic piotein in- 
volved, is usually Ls'oalloxazine-adenine-dinuc leo- 
ticle the stiucluie of which (Kuhn, Keineinund, 
Kalt.sc hrnitt, vStrobele, and Trisehmann , 
Karrer, 8 chopp, and Benz 2^) 


CO 


Me 


/N 

II 

\NH 

} 

mJ 


II 

1 

^CO 



N 



Adenine 


c/-Kibose — ^Diphospho-group — cMiibose 


has a remarkable similarity to that of the 
nicotinamide-aclenino-dmuclcotide 
The i^oalloxazine nucleus, like that of nicotin- 
amide in Qo/y, inase, is the seat of oxido-reductive 
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changes. A list of flavoproteins having specific 
activating powers is shown in Table IV. These 
enzymes appear to be responsible for the oxida- 
tion of the reduced forms of the diphospho- and 
triphospho-nicotmamide-adenine - dinucleotides. 
Such enzymes are known as diaphorases. The 
long familiar xanthine- and aldehyde-oxidases 
also are flavoproteins, whilst the oxidation of 
amino-acids, whether U or d-, demands the 
presence of similar enzymes (5ec, however, 
Braunstoin and Asarkh ®) 

The flavin dinucleotides are for the most part 
firmly bound to their respective proteins and are 
not easily dissociated, but d.-ammo-acid oxidase 
seems to bo exceptional in being easily split into 
its components At pH 8 6 it dissociates to the 
extent of 90% and, although it behaves as a dis- 
sociated flavoprotem m solution, it precipitates 
out of solution as a conjugated protein. The 
reduced form of the oxidase does not appear to 
dissociate 

The activity of the flavopiotcms can be very 


high. One molecule of heart-diaphorase flavo- 
protem, for example, will catalyse the oxidation 
of 8,000 molecules of dihydjo-cozymase per 
mmute by an oxidising agent such as Methylene 
Blue (Straub®'^). 

The coenzymes of diaphorase, aldehyde 
oxidase and d-amino-acid oxidase are identical, 
t e , flavm-adenmo-dmucleotide. Green, Moore, 
Nocito, and Ratner,^^ however, note that the co- 
enzyme concerned with the flavoprotem respon- 
sible for the oxidation of the Z-ammo acids is not 
flavm-adenme-dmucleotide. 

The flavoproteins may bo regarded as a 
special class of dehydrogenases. They activate 
their substrates, e g , reduced nicotmamide- 
adenme-dmucleotides, ammo-acids, aldehydes 
and purines (see Table V), and bring about a 
transference of hydrogen to the coenzyme of the 
flavoproteins, t.e , usually flavm-adenme-dinu- 
cleotide. They work antcrobically in exactly 
the same way as the more familiar dehydro- 
genases 


Table V. — Flavoproteins with Specific Activating Powers 


Source of 
llavoproti in 

Substrates aficrted 

Enzyme system 

Reference 

Yeast 

Reduced cozymase. 'I 


f Euler and Hell- 


Reduced triphosphonicotmamide- > 

Diaphorase 

< Strom. 


adonine-dinuclootide. J 

[Dewar and Green 

Heart 

Reduced ti iphospho-nicotinamide- 

Diajihorase. 

Straub 


adonino-dinucleotide 


Yenst 

Triphospho-mcotinamido- ^ 

adomne-dinucleotide. V 

Cytochrome reduc- 
tase 

Haas et al.^^ 


Cytochrome J 


Kidney 

d-Amino-acids 

d-Ammo-acid 

Warburg and Chris- 


oxidase. 

tian.^^ 

Milk . . 

Aldehydes. *] 

Purines (hypoxanthme). > 

Reduced cozymase. J 

Aldehyde oxidase. I 
Xanthine oxidase. / 

fBall 2 

\Cor lan. Green el al ^ 

Kidney . 

Z-Amino-acids. \ 

Z-Ammo-acid 

Green, Moore, Nocito, 

Reduced cozymase. J 

oxidase. 

and Ratner.25i 

Bacteua . 

Acctoacetie acid. 

Acetoacetic decar- 

Davies 

Bacteria . 

Pyruvic acid. 

boxylase. 

Pyruvic oxidation 

Lipmann.^^ 

Yeast 

Fumaric acid. 

system. 

Reductase. 

Fischer and Eysen- 




bach.^^ 


The reduced flavoprotem is autoxidisable, and 
its oxidation is not inhibited by cyanide. Thus 
in oxidation catalysed by flavoprotem need not 
be sensitive to cyanide. The following is an 
example of a flavoprotem catalysed oxidation, 
involving three successive stages : 

(i) Hexose monophosphate -f- triphospho - 
nicotinamide - adenme - dmucleotide 


BehvdroRonaso , , 

>. Phosphohexomc acid -f 

reduced triphosphomcotmamide - ade - 
nme-dinucleotide. 

(ii) Reduced triphosphomcotmamide - ade - 
nme - dmucleotide -}- flavoprotem 
Triphosphomcotmamide - adenme - di 
nudeotide -f reduced flavoprotem. 

(lii) Reduced flavoprotem -f Oj Elavopro- 
tem + H 2 O 2 . 


Theorell,®® however, pointed out that the rate of 
oxidation of a flavoprotem at the oxygen ten- 
sions obtaining in living tissues is too sluggish to 
account for normal respiratory rates, and sug- 
gested that cytochrome may be involved in the 
re-oxidation of reduced flavoprotem tn vtvo 
This would make a system catalysed by flavo- 
protem m the living cell sensitive to cyanide 
Haas, Horecker, and Hogness have now proved 
that the flavoprotem concerned with hexose 
monophosphate oxidation is mdeed oxidised by 
the cytochrome system. Reduced flavoprotem 
is oxidised also by a dyestuff such as Methylene 
Blue, or by natural cell pigments such as pyo- 
cyanine. The reduction of these substances by 
dehydrogenase systems is made possible by the 
flavoproteins present. 

With the cyamde-sensitive respiratory systems 
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in which cytochrome is involved, it seems most 
likely that flavoprotems play a fundamental part. 
Indeed, recent work on the mode and site of 
action of narcotics in respiratory systems sug- 
gests that tllfe flavoprotein is the most susceptible 
link in the chain of oxidative events (Michaehs 
and QuasteH’). 

Amino-acid Oxidases, 

Kisch 3® found that many amino acids increase 
the respiration of isolated animal tissues and 
Bornhcim and Bernhemi ^ demonstrated the 
presence of an enzyme in liver suspensions which 
brought about the oxidation of prolme and oxy- 
prohne Krebs showed that different enzymes 
present in liver and kidney are involved in the 
oxidative deamination of l-ammo acids and 
d-amino acids He found that Z-amino acid 
oxidase is a labile enzyme, inhibited by cyanide 
and octyl alcohol, whilst d-amino acid oxidase is 
relatively stable Warburg and Christian®® 
have found that d-amino acid oxidase is a 
flavoprotein. The products of oxidation of the 
d-amino acid in presence of its enzyme consist ! 


of the corresponding aldehyde, ammonia, and 
hydrogen peroxide. 

"Nicotinamide and iso Alloxazinc, 

As has been indicated, both those substances 
form, when combined as adenino-dinucleotides, 
intracellular carriers in chains of oxido-roduction 
systems, in the living coll. This appears to bo 
their biological function independently of 
whether or not they form integral parts of 
enzyme structures. They allow a great variety 
of oxidations to take place under anocrobic con- 
ditions. These facts fully confiim the con- 
clusion, made for the first time by Quastel and 
Wooldridge®® from their work on bacterial 
growth, that intracellular carriers play an 
essential part in the metabolism of cells pro- 
liferating under anaerobic conditions 

Aneurin, 

Another coenzymo of considerable importance 
18 cocarboxylasc, also termed the pyrophosphate 
ester of thiamine, aneurin or vitamin-^^. Its 
structure is as follo\\s 


s o o 

/ \ I! II 

N-— CH CH C— CH^CHoO P O P OH 

II II II II 

CH3— C C— CHa-~N C OH OH 

II II II 

N CNHj Cl CHg 

Auhagen ^ discovered that carboxylase, the paiations of catalase resembles that of iron 
enzyme which breaks down a-keto acid into the porphyrin compounds, and that the activity of 
correspondmg aldehydes and carbon dioxide, can the enzyme seems to bo proportional to the con- 
be separated into fractions, one consisting of a centration of iron porphyrin in the preparation 
protein and the other of a thermostable factor The hsematin present was found to be proto - 
termed cocarboxylase The fractions individually haematin. The hoematin could bo separated 
liave no catalytic activity ; together they have from the protein of the enzyme and when it was 
the catalytic activity of the onginal enzyme, coupled with the native globm of horse blood it 
Lohmann and Schuster^® showed that cocarb- was found to yield a compound which was 
oxylase is the pyrophosphoric ester of vitamin- identical spectroscopically with horse methaemo- 
Bj^, This coonzyme is now known, from the globm. Thus the haematin of catalase appears 
work of Peters and his colleagues to bo to bo identical with that of haemoglobin 

essential for the oxidation of pyruvic acid in Catalase has been crystallised (Sumner and 
animal tissues It is also known to be essential Bounce ®®) and its moloc ular weight estimated to 
for the oxidation of acetic acid in certain bacteria be about 250,000 The number of iron atoms 
(Quastel and Webley®^). The mechanism of per molecule of catalase is four. Enzymic 
action of this coenzyme is not yet clear. activity of catalase is directly related to the 

content of ha3matin, the combination of which 
with hydrogen cyanide, hydrogen sulphide, etc., 
AEROBIC OXIDASES entirely eliminates enzymic activity. The 

enzyme combines reversibly with nitric oxide. 
The aerobic oxidases as a group appear to sodium fluoride, hydrazine, hydroxylamine, 

require coenzymes or “ prosthetic ” groups ammonia, and sodium azide to give spectro- 

which usually contam the metals iron or copper, scopically well-defined compounds (Keilin and 

Hartree*®, Stem®®). From the similar be- 
- _ haviour of methaemoglobin with these substances 

Iron-containtno Enzymes. been concluded that the iron of catalase 

The most important of these enzymes are exists in the trivalent state. If hydrogen 
catalase, peroxidase, and cytochromeoxidase , peroxide is added to catalase m the presence of 
strictly speaking catalase and peroxidase are not hydroxylamine or sodium azide the three- 
aerobic oxidases as they are not involved in banded spectrum of catalase becomes two- 

catalysmg oxidations by molecular oxygen, banded and the compound now combines 

They are, however, intimately mvolved m oxida- reversibly with carbon monoxide showing that 
tion systems. the iron of the catalase has been reduced to the 

Catalase. — Zeile and Hellstrom’^ observed divalent state According to Koilin and Har- 
that the absorption spectrum of purified pre- tree®® the following are the reactions involved 
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in the* (locompoHilion of li^(lr();'(“n peroxide by 
catalase 

4Fe 2 H 2 O 2 - 4H- t 202+4Fe** 

4Fe- + 4HM O 2 4Fe- } 2 H 2 O 

2H2O2 2H2O4-O2 

The* hannatiri of (atalasc \\hen attached to a 
glolim as in methcemoglobin has an activity 
which IS only one millionth that of catalase 
Hence the KiUcn contains the sp(‘(ili( jirotcm 01 
onzymo the ((xm/^me 01 jirosthc tu group oi 
\ihifh IS ha*ni,‘itin 

Peroxidase — This enzyme, which catalyses 
oxidations by hydiogcn pcTOxide, is another iron 
porphyrin complex unitcsl with a special pro- 
tein It has l)C‘en show'll that in jjeioxidase the 
iron alwavs n'lnains in the tnvahnt state* 

On addition ol hvdiogem ])ero\id(‘, combination 
W'lth the h.cmatin takes place* (1 mol H 2 O 2 to 
I mol h.cmatin) just <is occurs witli incdh erno- 
globin The* comj)Ic‘x of livdro/^en pc'ioxidc* and 
pc*roxidas(* is unslaklc^ .ind oxidises lnolc‘culc'^ 
Huc-h as h> drocjuinonc* or y>v rogallol, rc‘^c*nc‘ratinj/ 
t lie ]K‘ro\id.is(‘ App.nc'iitlv tlic* c ii/vme m.iy lx* 
eonsidc'ic'd to he* ,i compound ol ju otoha'in.it m 
with a native* globin The* y)fot(*in difb'is fiorn 
that in catalase* or me tluernoglobm 

Cytochrome Oxidase.— 'Plus cn/vmc* cat.i- 
l^VHCs tlic^ oxidation ol tlic* lei roc \ toe hiomc's bv 
molecular oxvgen The* .svslc'in c\'toch!c)mc 
o\iclasc*-c ytoc luomc'-O cat.dysc's the* oxiditi(»,i 
of cysteine*, c<itc*c hoi, adren.dinc*, and ascorbic 
acid it sec'ius also to be ic'^ponsihlc for the* 
oxidation of succ-inatc^ .ictiv .itc‘d by succinic 
clehydiogc'n.ise and of choline b\ choline clc* 
hydrogenase It also oxidises icdiicc'd fl.ivo- 
protcins, and in this wav takes pait in tlic* mini 
respirator V ch.'iin ol .in ac*iol)ic living cell 
(’ytochiomo oxidase* is higlilv sc'usitive to 
hvcliogeii cvanide, hvdiogcn sulphide, .im^ 
sodium a/ide at c one c nt i .itions of 0 01)1 m 
T hese substances ,ij)parc*ntlv combine* with the 
h.cmatin moic*tv ol the* inoietv immobilising the 
non contained in it f.ubon monoxide in- 
hibits the aetivitv of cytoelnome oxid.ise, the* 
extent oi inhibition being clc*tei mined b\ the* 
ratio oi the pi('ssui(*s ol c.irbon monoxide to 
oxygen 'Phe^ allinitv of the* c*n/v me* to ox\gen 
IS live times as gie.vt as that foi c ai bon monoxide* 
The ratio | Fe ’J/IXCO] {whc*ii' XCO reprc*s(*nts 
the luernatm-car bon monoxide* complex) depends 
on the ratio of partial pic'ssures l\o;lV 2 , 

tr, [Fe-|Peo/|XCOJI>02 

IS constant 

The reversal of carbon monoxide inhibition of 
respiration by light was studied b\ Waibuig, 
who concluded from the fact that iron caibonyl 
compounds are dissoc’iatcd by light and from 
other rc'levant data that the “ respnatorv 
enzyme ” wavs an iron poiphyiin complex The 
“ respiratory enzvnie ” ut Waiburg is identical 
with cytochiome oxidase 

(\iPrER-CO\TVINlNCl En/.VMKS 

Oxidasc's wliic'h contain eojiper as an essential 
pai’i of then enzynic* s\ stems include pol\ phenol 
oxidase (also t} rosin, ise), lactase, and ascorbic 
oxidase. 


Polyphenol Oxidase, also tyrosinase (femnd 
in pl.ints, moulds, Crustacea, mollusc a, inseets) 
brings about the oxidation of adrenaline, tyro- 
sine, phenol, catechol, m- and p-cresols, pyro- 
gallol, 3 4 -dihydroxyphcnylal.xninc ' It docs not 
.ucomplish the oxid.ition of o-cresol, p-phenyl- 
enedi inline, resoicinol, hydrocpiinono or as- 
corbic* acid Kiibovvitz^^ found a preparation 
of polv phenol oxidase to contain 0 2% copper, 
which could be removed by adding hydrogen 
cyaiiido and di.ilvsing The inac*tive enzyme 
thus prcjiared was i(*ac*tivated by addition of 
copper Keihn and M.inn*^^ obt.iined a jirepara- 
tion containing 0 . 3 % chopper, and Dalton and 
Nelson^ a prejiaration tontaining 0 23 % t*opper 
The topper of the enzyme t*annot be replacccl by 
ircm, cobalt, nickt*!, mangane.^e, or zinc Ihider 
an.c*robic conditions catechol ])lus catechol 
tixicl.iso alisoibs carbon monoxide thus 
(\itt*c hoi [ Cu enzyme* 

o-Quinone | Cu* enzyme 

Cu en/yinc* ( CO - 

CO (oiiip!(*x of (upiocuzxmc 

In the .ihsc net* ol c .lU c hoi the c'uzvme does not 
tombim* with caibon monoxicl**, indicating that 
the* (*n/vmc* vvhc*n i>ol<itc*d is m tin* cupric state 

Laccase, found in the l.itex of lac* trees, as 
well as 111 a v.uic'ty of jibints and fungi, oxidises 
phc*nols to ()■ .ind p-4umonc*s It att.uks 
gu.ii.icoL hvtlioepiuione, p> log.illol, p-phenylem*- 
di.imiiK*, but not tvrosme*. u*si)rcin()l or p c rc*sol 
Kc'ilm .lud \buin punlic*d l.iccasc* from the 

l.u tic*'* .ind found it to cont.iin 0 24 % c oppc*r 
'riie |)ic‘p.ii.i1 ion N blue in coloui It n in- 
hibited, like* olhci c opfiei -( out. lining (‘n/yni(*^, 
b\ sodium .1 Met hvdiogc'ii sul))hiclc*, hvdiogeii 
cv, uncle, and sodium dic'thv hlithioc 11 b inudc* 
L.icc.isc*, liowcv.i, H not inhibited by c.ubon 
monoxide* (in conti.ist to jiolvphc'uol oxidase*) 

Ascorbic Acid Oxidase, found in many 
plants, c 7 , c IK uinbc’rs, b.inari.is, h ttuc*e, be ins, 
.ind spinach, oxidises .iscoibic a< id to dc'hvdio- 
.iscoibu .1(1(1 It is nihibitc*d by hvdrogeri 
cvanidc'but not b\ hydi()g(‘n sulphide or e.irbon 
monoxide d'he ])in ilic*d enzyme c ontairis 0 1 0% 
copfH*! It also catalyses oxid.ition of ai.ibo- 
.isiorbic .1(1(1, glucoa.se orbic acid, and g.ilai to- 
asc 01 bi( ac id 

3 dic‘ ehec t of pot.issium ey.inide, hydrogen 
siil{)hide, sodium .i/idc*, and (.11 bon monoxide on 
aeiobic oxidases is shown in Table VI. 
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Amine Oxidase 

This enzyme is identical with aliphatic ammo 
oxidase (Pugh and Qiiastcl tyramme oxidise 
(Hare^^), adrenaline oxidase (Blasehko, Richter, 
and Schlossmann'^) Jt c.it.iKsos the oxidation 
of aliphatu or aromatic amines and amines of 
the type R CHg NRo' where R' H oi Alk^l 
It will not attack ammo acids Its specificity 
of action IS shown in Table Vll Amine oxidase 

TAimE VH 

I liflatn c rites 


Siihstnitc ot att.K k l»\ 

amine oxidase 


Methylamine I (1 

Kthylaininc I 0 

Propvlanimc I 7 

Rut y la mine M 

Amylamme I 1‘) 

Heptvlamme ! o 

MO Pi op;y la in UK' , 0 

?,soBut\ lamme ' U 

i.soAm^ lamme J05 

Allylamine i 0 

Putiescmc 0 

(\ida\erine 1 0 

Aniline i) 

Renzylamme , d 

)3-Plien\ ktln 1 umiK' II 

Phcn^ I a-hv dioxM t li;, lamiiu ' R» 

Tvi amine i 1 00 

1 2- 1 )ih} drox' ph( lu 1 th\lmmi(* I 110 

)3-lndolethy]iiinme 87 


IS inhibited by molecules in wlndi a metlixl 
group IS attached to the (/-(<irbon atom, sm h as 
eph(‘drino oi heuzrdrinv '^Fhc* inhibition is 
reveisible and the combmation bctwi'cn ('nz\me 
and substi.ite (or mliilatoi) follows the* mass 
action law (Mann .ind Quastel "I’lie eii/vme 
is not inhibited b\ hydrogen (_)ani(le It leacts 
in the follow mg wax 

R CH^ NHR/ I H.O ) 

RCHO { NH.R/ I HoO, 

Oiidasr 

This enzyme bungs about the oxidation ol 
histamine, imtresciiie, c <ida\ eriiie, but not 
ethylenediamme Jt cha'i not <itt.i( k ahjihatn 
oi aromatic amines or ammo acids llvdiogcm 
peioxide is a product of oxidation (scr Pdlba< hei 
and Zeller Zeller 
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7-i (J iviilest II, AT'iklt John, Hassmoit , and Hetcis, 
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J H. Q 

OXYACANTHINE occurs in the bark of 
Berberis vidqans (Pam Rerbenclaccie) or liar- 
bary J^ark, together woth berbaminc and ber- 
bcrine (Vol. I, r)82c/, ()83r) It i« a ccdourless 
(rxdalline alkaloid cjf the biscoclaurine group 
(Vol Ilf, 230r , VI, 496d). Authorities differ 
as to the emjuncal formula, C 3 eH 3 sOgN 2 (Vol 
\ I, (>S3r) or C 37 H 4 oOeN 2 (T. A. Henry, “ Plant 
Alkaloid.s,” 3rd ed 1939, p 351). 

J N. G. 
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OXYCOCCICYAN IN . An anthocyanm 
coloiinng matter occurring in the skins of Amen- 
can cranberries (Oxycoccua macrocarpus Pers ) 
It was first isolated by Grove and Robinson 
(Biochem J 1031,25, 1706) from fruits growing 
in Newfoundland and the Capo Cod area, and 
identified by them as 3-j9-glucosidylpoonidin 
ohlondo (III), which had been synthesised pre- 
viously by Levy and Robinson ( J C S 1931, 
2715) The method of isolating oxycoccicyanin 
was by extracting the skins with glacial acetic 
acid or 2% methyl-alcoholic hydrogen chloride, 
precipitating the colouring matter in the form 
of the chloride, purifying through the picrate and 
finally crystallising as the chloride, by dissolving 
in 0*5% hydrochloric acid and adding 5% ethyl- 
alcoholic hydrogen chloride. Rectangular, pris- 
matic needles separated which were deep red by 
transmitted light and almost black in mass 
Lned in air, the chloride is the tnhydrale^ 
It IS rather soluble in 
0 5% hydrochloric and, but much less so in 5% 
and, forming red solutions which are rendered 
much bluer on adding alcohol 8odium car- 
bonate added to an aqueous solution gives a rich 
\ lolct colour, wliK h remains unchanged for a 
time after addition of sodium hydroxide On 
standing, the alkaline solution fades to greenish- 
yellow. When it 18 heated with hydrochloric 
acid it 18 hydrolysed to glucose and peonidin 
ehlondo (q v ) Oxycocncyanin was synthesised 
by condensing 2-O-benzoylphloroglunnaldehydc 
(1) with fo-tctra-aeetyl-j3-ghicoaido\'y-4-af etoxy- 
3-metho\yaceto])hcnone (II) and subse(|uently 
removing the acyl groups from the flavj'hum salt 
obtaine<l. The synthetic anthocyanm was 
crystallised by dissolving the crude chloride in 
0 5% hydrochloric add and then adding 5 vol 
of 5% ethyl-alcoholic hydrogen (hloiido Jt 
separated on stirring in the form of dark brown, 
regular, flat needles of the dihydrate, 

C22H230iiCI,2HaO. 
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Like peonin — the 3 5-diglucoside of peonidin — 
oxycoccicyanin is very stable towards oxidation 
by dilute ferric chloride solution. The colour of 
its aqueous solution is rendered somewhat 
deeper by the addition of the reagent, but there 
is no other cliango. Peonidin^ on the other hand, 
easily destroyed, 

W. B. 


OXYGEN. Symbol O 
History. 

The first recognition of the role of oxygen in 
nature would seem to date from the eighth 
century 'The Chinese philosopher Mao-IOi6a 
then promulgated a theory based on his experi- 
ments, that all matter was composed of two 
fundamental elements, Yang and Yin Yang 
(or “ more complete air ”) could be obtained 
pure by burning in air charco.il, sulphur, or cer- 
tain of the metals, which robbed the air of some 
of its Yin Yin never occurred pure but could 
bo obtained by heating certain minerals, of 
doubtful identity Hh(')-sia6 was a mineral from 
which Ym could be obtained readily It was 
piobably nitre Mao-Khoa recognised that the 
Yin of the air was present in water, although 
hero it was more closely bound to Yang, so that 
its separation was difficult The important part 
taken by Ym m combustion and respiration was 
recognised. Leonardo da Vinci, towards the 
end of the fifteenth century, was the first Euro- 
pean to recognise the rion-elemental character 
of air and to state that only one part was used 
m combustion and respiration From this date 
until the recognition of the individuality of the 
gas oxygen in J 775, m.iny inve^igatois stumbled 
on the thieshold of the discovei \ Amongst these 
may be included R. Hooke (“ IMicrographia,” 
1665), wdio recognised that a constituent of air 
was also present m nitre, and Mayow (“ Traida- 
tiis qiimqiie,” 1674), who extended this idea, 
showing that the activ^o constituent of air, which 
supported combustion, formerl only part of the 
atmosphere and that this same substance was 
present in nitre , he termed this “spintus vitahs ” 
Borch (H»7S) and Hales (1727) (airiodthis work 
still further ,^Hales, m fact, isolated a pin e sample 
of oxygen by heating nitre and collecting the gas 
over water, but failed to recognise its eharacter 
The laboratory notes of the {Swedish chemist, 
C W 8cheele, are said to prove that he dis- 
covcied oxygen sometime before 1773, though 
the account of his work was not piiblishod until 
1777 Meanwhile m England J Pi lestley, during 
August 1774, obtained oxygen by heating mer- 
curic oxide m a glass vessel by me.ins of the sun’s 
rays, concentrated on the oxide by use of a 
“ burning glass ” Priestley had, however, been 
in possession of the gas since “ before the month 
of November 1771 ” The new element was 
termed “ fine air *’ by Schcele, whilst Priestley 
referred to it as “ dephlogisticated air ” 
|Lavoisicr regarded it as an essential constituent 
of all acids and hence gave it its present name 
oxygen (from dfuV, acid, and yevvdeOf I form). 

Occurrence. 

Oxygen is widely distributed on the earth m 
very largo quantities, 50% of the earth’s crust 
consisting of oxygon About 23 2% of the 
atmosphere by weight consists of free oxygon, 
but this amount is small m comparison with the 
oxygen m combination in the earth’s crust 
Thus, w’ater contains 88 8% of oxygen. Oxygen 
also forms a material part of rocks, since a great 
number of minerals contain combined oxygen 
m the form of silicates, carbonates, etc No 
variation m the proportion of oxygen present 
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the atmosphere could be detected during a care- 
ful investigation (Carpenter, J. Amer Chein 
Soc 1937, 59 , 358), in which samples were taken 
from widely dilTering areas of the United States 
of America. 

Oxygen IS an essential constituent of animal 
and vegetable tissues and fluids It is absorbed 
from the atmosphere bv animals and plants 
during lespiration, and given off by plants when 
they assimilate carbon dioxide from the air in 
sunlight, a fact established by Priestley in 1776 
Tlie abstraction of oxygen fiom the air by plants 
and animals is counterbalanced by the oxygen 
evolv^ed by green foliage 

By use of a spectroscopic method oxvgen has 
been shown to be present in the sun It is also 
found in nietcoritos 

pREPVRATION 

Tlu're are a great many methods available for 
the preparation of oxygen, the pirticular pro- 
cess employed depending on the availability of 
mnterials and apparatus and the puiity and cost 
of th(* lequired oxygen The available methods 
m ly 1)0 conv^enicntly cbissed as follows 

1 ])ecoynpofi\lion of Ondr^ by Heat — ^The 
oxides of the ])recious metals decompose on heat- 
ing to give ox\gen and the metal. Auious and 
auric oxides decompose at about 205"c , bilver 
oxide at 250'’r , and the oxides of palhidium, 
indium, mercury, and platinum at higher 
temperatures The most fimiliar reaction of 
this (‘lass IS tlic decomposition of mercuric oxide, 
2HgO 2Hg f O2, around which so much of the 
history of oxygen has ccntuMl 

\ largo number of pei oxides and higher oxides 
are converted on heating to lower oxides, with 
the evolution of oxygen, eg, manganese di- 
oxide, when heated to moderate n'dness, evolves 
oxvgen (4Mn02=-2Mn203f02) The reaction 
begins at 55(Pf’ , but if the tempciature is raised 
to 94(Pc a further quantity of ox\gon is evolved 
according to the eipiation 

eMrijOg— 4Mn304 l-Og 

Lead dioxide heated above 310'^c decomposes 
into lead oxide and oxvgen, and red lead, 
when strongly heated, yields oxygen and 
a residue of lead oxide by a reversible reaction 
Barium peroxide is readily decomposed by heat, 
the reaction being reversible, and forming the 
basis of Brin’s process, 2Ba02=2Ba04-02 

2 Decomposition of Oxy -compounds by Heat 
— C/ompounds rich in oxygen such as chlorates, 
perchlorates, bromates, lodates, periodates, 
nitrates, pcrsulphates, dichromates, and per- 
manganates decompose on heating, evolving 
oxvgen. The purity of the oxygon evolved is 
high, the nature of the impurities depending on 
the oxy-acid 

Potassium chlorate, which is the most widely 
used laboratory source of oxygen, melts at 360- 
37()“(’ and at 370-380‘’c begins to evolve oxygen 
according to the equation 

2KCIO3-2KCM-3O2. 

As the reaction proceeds, the mass becomes pasty 
owing to the formation of potassium perchlorate 
(m p 610'^c ), and the evolution of gas slackens, 


4KCI03=3KCI04-f KCl . On raising the tem- 
perature tlio perchlorate melts and oxygen of 
high purity is evolved The decomposition may 
bo catalysed by the addition of certain oxides, 
eg, MnOg, Cf203, FegO,, COgO,, NiO: 
VgOg, WO3, and CuO. These catalysts are 
presumed to take part in a senes of chemical 
reactions in which the metal of the catalyst 
assumes a higher valency-state. 

The potassium chlorate decomposition in- 
volving manganese dioxide ns a catalyst takes 
place steadily at 240°c and has been studied in 
detail. Tiaces of potassium permanganate and 
clilorine have been detected in the pioducts, and 
the manganese dioxide undergoes a change of 
physical state during the reaction. It is sup- 
posed, therefore, that the following consecutive 
reactions occur : 

2KCI03-h2Mn02-2KMn04 f ClabOa; 

2KMn04-K2Mn04+Mn02b02; 

K2Mn04l-Cl2 -2KCI {-MnOabOa 

Oxides of /me and magnesium, which do not 
form higher oxides, have only slight catalytie 
action Spongy platinum is an active catalyst 
for the lead ion, an effect which is attributed to 
the Rurlaco activity of platinum with respect to 
oxygen 

Fatal accidents have occuiied dming the 
])repaiation ot oxygon from manganese dioxide 
and potassium chlorate, duo to coal dust present 
as an impurity m the manganese dioxiiie, and 
care should therefore be taken to ensure that 
such impimties are absent 

The vapour of sulphuric acid passed through 
bricks at bright red heat is decomposed into sul- 
phur dioxide, water, and oxygon, and the pro- 
duct after scrubbing the gases is substantially 
pure oxygen 

Potassium and sodium nitrates decompose at 
high tcmpeiatiires to give the metal nitrite and 
oxygen, which, however, contains nitrogen and 
oxiiies of nitrogen as impurities. 

3 Decomposition, other than Thermal, of 
Oxides and Oxy -compounds (Chemical Reactions 
resulting in the Formation of Ocygen ) — Many 
peroxides yield oxygen when treated with water, 
egr, 2Na202f2H20=:4Na0H-f02. This re- 
action can be conveniently adapted for use m a 
Kipp’s apparatus. Several commercial pro- 
ducts are described, all of which include sodium 
peroxide, a catalyst to control the reaction, and 
a substance to act as binder. Hydrogen per- 
oxide itself 18 decomposed by heat or by means 
of a catalyst giving oxygen of a high degree of 
purity, although the cost is high. 10% hydro- 
gen peroxide can bo readily decomposed by 
MnOg, Pb304, PbOg, K2Cr207, KMn04, or 
by K3Fe(CN)Q in alkaline solution. 

Chromic acid, manganese dioxide, and potas- 
sium dichromate evolve oxygen when heated 
with concentrated sulphuric acid : 

2K2Cr207+8H2S04- 

2K2S04+2Cr2(S04)3 b8H204-302 

By heating a mixture of calcium sulphate and 
silica, sulphur dioxide, oxygen, and a residue of 
calcium silicate are obtained » 
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A mixtnro of sotlinm nitrate and zino oxide 
j^ives a mixture of nitrogen and oxygen on heat- 
ing, according to the following eciviation 

• 2ZnO ^ 4 NaN 03 2Zn(ONa)2 f-2N2f 50.2 

Ac^ueouH Holiitions of alkali h\ poc'hlontes readil^^ 
yield oxygen at the hoihng-point in the pre‘cenee 
of a ( ataly.st The leipiired conditions are easily 
sedired by jiassing a (urient ot chloiine through 
a boiling com (‘iitrated solution of sodium 
hydioxidc to w'hich a small quantity of a cobalt 
salt has Ixsm added The leadion c^cle mav" 
be lepichciitc'd by tin* following equations 

2NaOHTCl2 NaOCI |- NaCI { H .O. 
NaOCl hCoO NaCl i CoOo 
2 C 0 Q 2 2CoO 1 O 2 . 

By tin* adion of c hlorine on certain oxides at 
high tenifHuaturc's, oxygen is evolved, c cy , 
2ZnO f 2 CI 2 2ZnCl2 1 O.^ Oxides of tlic 
alkaline cai th metals, nainclv c ah iuni,stiontium, 
and liatiiirn oxides, <ind also Ic.id and <admiuin 
oxid(‘s, have Ihsmi usfxl in tins icsution 

OiTtain org.'inK* compounds winch take up 
oxygen icadil} to form loosc'ly bound mole (‘ulc‘s, 
can b(‘ dc‘( ompoHcsl on luating to give oxygem , 
c c/ , r ubcnc , 

I ! ^ I I 

and its deiivativcs absoil) oxvgcm in solution 
at loom tempciatuie and (*\ol\(‘ it .igaiii whcsi 
the solution IS h( atc'd (l)uiiaisM< , Bull Sex < him 
lOTl, |iv), 53, 7H<)) 

Oxygen ot veiy high puiity has been oblaimxl 
by the (‘l(*dioly-is of baiium hvdioxnh* solution 
using ])l<itinum clc*ct rod(‘s, and also by the* 
th(‘rm.d deeomjiosition of puic potassium [)(‘r 
innnganatc 

Fluorine is the only eh'inc'nt which is suHi- 
cientlv el(*( tioiu'gativc* to bung .ibout the* in- 
stantaiu'ous dischaige of oxygen 10 ns 'I’he 
action of tluoiinc on water is exprc'sscsl by the 
ecpzatiou F.^ | HgO 2HF i O (o/onnc*d c)x\- 

gi'ti) 

l*nv sK’An BiioPKKnKs 

The electionic sliuctuie of the* oxygen mole- 
cules Og* has bec'ii studied by the method of 
moleculai oibitals, by Mulliken (Bev Mod 
IMiysics 1932, 4, I) The moh‘c ulc is assigned 
to the ground state, the' paramagnetism of 
the molecule thus being .'k counti'd foi, since 
this state has a lesiiltant spin momentum On 
the older olec'tron-pair thcoiy of valency the 
oxygc'n molec'ule is consideied as having two 
common 2/) oihitals The O — O distance in 
the molecule in the ground state is I 207 a. The 
interatomic distances in the various electronic* 
and vibrational states of the molecule liave heem 
found by Babcock (Proc Nat Acad Sc*i 1937, 
23, 301) to vary between 1 2040 ami 1 252S \ 

The Gaseous State. — Oxvgenis a colourless 
diatomic gas, which is commonly legarded as 
tastelc'ss and odourless. J B 8 Haldane states, 
however, that at 0 atm pressure it possc'sses a 
definite taste. AVhen cxainined through very 


thick or highly compressed layers oxygen pos- 
sesses a faint blue colour 

A litre of oxygen at N T P weighs 1 42901 g , 
the moleculai volume at N T P is 22 4137 
bO 0001, a value which has be(*ii used as a b.isis 
for atomic-weiglit determinations (Molc'C, Compt 
rend 1942, 214, 124) The specific gravity 
(air 1) is 1 10.527, a cubic* foot of oxygon 
weighing 0 081)21 Ib 

The viscosity, r], according to Johnston and 
McOloskev (J Phv^i<‘d Chem 1940, 44, 103S) is 
1,902 3 lO-’C OS units .it 270 °k , 1,958 3 10~7 
at 280 ^^k , and 2,015 3 10-? at 290 k 

The thermal conduetiv ity, /, is 5 83 ' 
cal sec~^ deg~^ cm~^ (Kannuluick and .Mar- 
tin, Proc. Ro\ Soe 1934, A, 144, 496). The 
ratio of the spc*( ihc heats, y, is 1 396, a value 
vvhi(*h IS chaiac'tc iistic of ,i diatomic g<is , the 
molecular he.ats in g -cal pei g -mol have been 
dc*terminc*d , ,it c'onstant piessiire, r'y> -6 980 
-pO 0001887’-} 0 0000000(>77’“, .ind at const int 
volume, rV 4 982 f 0 0002 17’} 0 0000000557’- 
The tem[)c‘i.itui( depc ndence of the spc'c ilir* heat 
at c*onstant piessurc* in teims of absolute degit'C's 
loihienheit .iml Biiti^li Th(*imal I nits is giv(*n 
by the* following (‘(pi.itiou 

II 515 -(172\/7’) } (1 5.J . I0‘,r) liTli V 

per 11) -mol 

The entiopies and sp(*( die heats of g,is(*ous 
oxvg(‘n fiom 400’ to 5, fOO i* abs have been 
t.il)nlaic‘d b\ (h*v( i (10mzmc*(*iing, 1945, 159, 381, 
123) 

Till* ubnctive indi'x m(‘asurc*d for the sodium 
/> line IS I 000270 (Stoll, \nn Physik, 1922, ( iv ], 
4, 69), o\\g(*n bi‘ing the least reliac'tive of all 
g (Sts \ ( li.it, K ti iistK , though nc)t veiy stiong, 
.ibsoiplion sp(‘(*tiuin is obt, lined by viewing tlie 
light soiiicc* tluoiigh .1 c ousidcu.ible thickness ot 
lliega* ’I’Ik* tium first .ipprars m llu form 
of .1 numbei of fiiu* lim*s, but .is the ])ressun* is 
in(itas(<l it shows a numbci ot hioacler .sluided 
hinds, togetlu ‘1 with <ilmost complete absorp- 
tion in tJie visible and ultia-violet Six absorj)- 
lion b.inds h.ivc* lieen obser\c*d, including two 
stiong bands in the led c 01 lesponding wuth 
the J and B Fiaunhofei lines, with’ wave- 
lengths fiom 6,340 \ to 6,225 v , a strong band 
in the xellovv fiom 5,820 a to 5,730 a, and 
fc (‘blei hands in the green at 5,350 A and the 
blue at 4,810 \ la(pnd and g.iseous ezvygen 
Ijave piactieally identical absorption speetia, 
and in eonsequeme the* liquid has been studied 
in })ic*fc‘ieme to the eompre-.sed gas Very 
highly coinprc'ssed oxvgen is leportcd by 
Finkelnhurg and Steinei (Z Phvsik 1932, 79, 
t)9), to possess continuous bands in the rc'gion 
2,300-2 900 not ohseived at oidimiry pios- 
suies, and it is .suggested th.it this is duo to 
molec Ilk'S 

4’he emission spectrum obtained m the dis- 
ehaige tube consists of the following main lines 
led, A t),158 2 A , green A 5,t36 8, 5,330 7 A , violet 
A t,368 3 A 

The dieloetiie constant is 1 00050 at 293 '^k 
and 760 mm pressuie (Van Ittcrbeek and 
Spaepen, Phvsiea, 1943, 10, 173) Oxygen is 
paramagnetic Hector (Ph\ steal Rev 1924, fii], 
23, 209). gives a value of X“I68 2 ^ 10“® for the 
magnetic susceptibility at 20 c , whilst Burris 
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and Hause (J. Chera. Pliysics, 1943, 11 , 442) 
obtain the value ^ (lOG 3 0 2)x 10"®. 

The solubility of oxygen in water follows 
Henry's Law faiily closely The table below 
gives aalues of tlie eoefficient of solubility (i e , 
the volume of o\\gen absoi bed by one volume 
of water when brought to equilibniim with pure 
oxygen under 7G0 mm piossuio) at ddferent 
temperatures as determined by \ ai lous obsei v ers 
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\VinkI( I gives th(‘ following foiinula fot tal- 
eulating the cofdlKient ol solubility (/3) loi 
o\\g('n in water at any teinpeiatuie, t, liom O' 
to 30 '(' 

p ()()4S!)() -0 0013-113/ I 

0 00002S3/- -0 00000029.>3/'^ 

l"o\ gi\es an analogous (‘xpicssion tor the 
tein])(‘ial un int( i \ al O-oO C 

p 0 019230- 0 0013U0/ 1- 

0 0000287o2/- 0 0(M)000302t/‘ 

A giaphuMl lepresentiition ot the solubility of 
oxygen in watin fioni 32’ to *212 f, and at 
pie'.sUK's from 0-30 in <d in(M(Ui\, is given b^ 
West (J Ind Eng Eheni 1022, 14, G03) 

ILiin-watei is veiy lUMrly satin <it(‘d with 
oxygen when its tempcMt me (oll(*ct(‘d is 
below IG’r During the .suinuKU months tlu‘ 
dissolved oxvgen !>. <ilvv<i\s less than tiu satuia- 
tion r|uantit\, sometiiiKM l)\ ,is iniidi as 2.>^*o 
Nearly all natural w.iteis <onl<un oxvgcni in 
solution and can only be fiit'd tln*i(*fioni by 
prolonged boiling in v.KUum The di>s lived 
oxvgen, though sin ill in amount, is the sourie 
from which fish obtain th'* o\\gen neiess.uy to 
sustain life 

The solubility of oxygen in sea w.itei at IG ’c 
IS about ot its solubility in ]mre vv.iter All 

salt solutions dissolve less ovvgen thin pun* 
water The gas is, for o vample, only verv spai inglv 
soluble in saturated solutions of very soluble 
salts, such as ammonium chloride 

Oxvgen IS mueh moie soluble in aleohol than 
in watei, the coctheient of solubility bcong 0 2337 
at OV and 0 2201 at 20 'r The coctfi(icnt of 
solubility of oxygen in organic solvents is 
generally gi eater tlian in watei , p fj , ni 2(r(’ 
m ehlorofoim, ^^^0 205, acetone, P -0 207, 
ether, j3=0 41h , and benzene, p -0 103 

Oxygen is appreciably soluble in molten 
metals and to a lesser extent in solid metals 
“ The nature of this solution appears to be one 
of oxide formation rather than pure solution ” 
(Wartenburg, Z Klektrochem 1930, 42, 841) 
The solubility of oxygen in molten silver is v’^cry 
great, one volume of the metal dissolv mg about 
ten volumes of oxygen, most of which is evolved 
again on cooling The solubility curve lor 


oxygen in silver has been ealeulated by Simons 
(J Physical Chom 1932, 36 , 1)52), and doter- 
miried experimentally ovei a wide lango of 
tempciaturo and ])iessure by Steaeio and John- 
son (IVoc Roy Soe 19*20, A, 112, 5P2) The 
solubility IS propoitional to the sejuare root of 
the prc'ssure Tlv‘ soliibihtv^-temporature curve 
has a minimum at 40(Ec The following values 
vv^eie obt.imc*d 

t <’ 200 300 400 500 

(Vol of02),(Vol of Ag) at 

7lU> nun 0 13S 0 OO") 0 0> > 0 003 

t C 000 700 SO!) 

(Vol of 02)/(Vol ot Ag) at 

700 inin 0 120 0 ISS 0 340 

(Jold, ])latinum, ami p.illadiiim in the solid 
state absorb oxygen at elevated tempi latnies 
lion at room ti*m[H'iatme contains 0 000- 
0 003% of dissolvisl oxvgen, eoppei of high 
pii.itv has been shown to eoiitain 0!)!)lS% of 
oxvgen .it .^oO ’c and 0 0070^)(, at !,0 40'’e 

Wood eli.ucoal can alisoib oxvgen .at loom 
temp(*;dm(‘, Ig absoibs82ee uridcM normal 
piessme, accoiding to MeB.un, whilst it lower 
teinpcuaf uies llu' volmn(‘ ol gas ahsoibed in- 
eicMsc's ia[)idlv, a fact which h macle use of in 
leinoving tiaces ol an fiom cwat'uatcMl vessels 
On he.iting, all tlie ox v gem is rimiovcMl 

Liquid State - f'ai.idav, in his classical in- 
vc stig.itions on the licpic tac lion of g.isec, did not 
oht.iin Iicpiid oxvgcm, since' the lefi iger.itmg 
.igc'iits w'liic h bc‘ Used did not- p 'rmit of the 
atlainnic'iit c)f the' cnlical ic'inpcMt m c' of tlie 
gas ()\\gc‘n w<is (list liciuc'fic'd by (\ulleteb in 
1877 and also almost siinultanc'ouslv by Pictet 
Tie' lv)iinei invc'stigatoi (‘Itc'clc'd tlic' c'ciolmg 
mei(‘lv by snddc'o c xpansion ol the gas fioin a 
piessme of 300 .din , .ind obfainc'd only a mist 
of smdl globules of licjind ovygc'ii Pc tot, 
liovvc'vet, eciolc'd tlic' gas, alteady eompic'ssed to 
320 atm , tf) -I 10 V , .i tc'inpeiatun* wdiic'h was 
c)bt,iin<‘«l by the' i.ipid ev.ipoiation of eai 1) m 
dioxide* lacjuid oxygen was fust produced in 
siilhc K'lit bulk toi ,i sitisfactoiy c'xamm.it ion of 
its propc'itic's b\ Wioblewski and Olszew'ki, who 
made* use ot licpiid ethyleii'' b.iilmg under 
lediic'ccl prc'ssuie for the' inithil cooling ot the 
gas. These' vvorkeis determined the* following 
c Title, il constants (188.5) T ll8''e’, P( -50 
atm , and K^^O 0012<) 

O’he cTilie.il prc'ssure' of oxygen is now ae- 
e'opted as 40 7 .itm , the eorrc'sponding c'ntie al 
tempeiature is — 1 18 8k; , and the eritic'al donsity 
0 1-30 g per ee (Pickering, J Physical (/hem. 
1924, 28, 97) 

Liepiid oxygen is a pale steel-blue, trans- 
p.irent, and vo'iy mobile liejniel 'Pho boiling- 
point lias b(*en vaiioiisly detei mined, the most 
probable value being — 182 02 00 0‘Pc at 
700 mm (Aoyama and Kanela, Bull (Jiem Soc 
Japan, 1935, 10 , 472) Jiotween 0 05 and 49 7 
atm the vapour pressure is represented by the 
following equation (Dodge and Davis, J Amer. 
Ehcm Soe 1927, 49 , 010) 

logi(, - -372 808/T 1-4 18939-0 0000195^ 
or by a simpler form : 

Patiu - 00295. 
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The liquid density has boon dotormined by 
many observers, the results showing considerable 
divergence. The variation of density with 
temperature was determined by Inglis and 
Coates (J.CS. 1900, 89, 880); 5154- 

0 00442T (where T is the absolute temperature) 
The density at the boiling-point as determined 
by Onnes and Pernor (1010) is 1 14 
Grunmach (Ann Physik, 1907, [iv], 22, 107) 
obtains a value of 13 074 dynes per cm for the 
surface tension at the boiling-point The 
viscosity, r), of liquid oxygon, according to 
Rudenko (.1 Exp Thoor Physios (USSR), 
1939, 9, 1078), IS 19 0x10-^ CGS units at 
90 Pk 

The refractive index at the boiling-point for 
A 5,401 A IS 1 2242 

'J’ho coofTioicnt of expansion with rise of tem- 
perature at — 250°c has boon determined by 
Onnes as 0 00157. The spooifio heat of liquid 
oxygon is 0 400 g -oal per g at —215 7°c , and 
0 394 g -oal per g at —200 l°c The heat of 
vapoiisation at the boiling-point under 700 mm 
pressure is 50 92 g.-cal per g (Alt, Ann. Pli^sik, 
1900, fivj, 19, 739) 

liquid oxygen is a non-oondu( tor of elcc- 
liKity, but it IS strongly magnetic, its magnetic 
moment being equal to 1 when iron is considered 
as 1,000 The magnetic susceptibility in mass 
units IS 241x10“® at — 183 °cj 'J'ho dieleetiie 
c’onstant at the boiling-point is 1 103 
Nitrogen from the air is absorbed readily by 
liquid oxygon, a fact which probably accounts 
for the diseiepancies in tlu' values of some of the 
physical constants | 

Solid State. — Solid oxygen, obtained b^ the 
rapid evaporation of liquid oxygon or by use of 
liquid hydrogen, is a haul, pale-blue doubly 
refracting, crystalline mass, melting at —218 81 | 
-hO 05°c (Giauqiie and Johnston, J. Amor j 
Chom. Soc 1929, 51, 2,300) 

The density at —252 5°o is 1 4250, and the 
variation with temperature (Pc ) is represented 
by the equation . 

D-l 5154-0 004420(^ f 273). 

The effect of pressure on tlic melting-point has 
been shown to be represented by the equation 

logio(l»<>81 8-p)-4 1381 logioT-4 145405. 

The triple point, by extrapolation, lies at 54 32 '^k 
(L isman and Keosom, Physica, 1935, 2, 901). 

The heat of fusion is 3 3 g -oal. per g, at 
-219 °c. 

The magnetic susceptibility has the following 
values ;^=375x 10~® at — 253'’c , 430 x 10”® at 
— 259*^0 , and 500 x 10”® at — 200\\ 

Solid oxygon occurs in three modifications, 
a below 23 5°k , /3 from 23 5°k. to 43 5°k , and 
y from 43 5°k. to the melting-point The crystal 
structures of the a- and /3-forms are still m some 
doubt, although it has been suggested that the 
/3-8tructure possesses a trigonal (rhouibohedral) 
cell containing six molecules (a 0 19 a , a=99 1°, 
corresponding to a density of 1 395) However 
the y-form gives X-ray powder diagrams which 
correspond with a cubic cell (a=6 83 a.), con- 
taining eight molecules, corresponding to a 
density of 1 30. The lattice of the y-form 
belongs to the space-group » 


Colloidal State. — Oxygen has been obtained 
in the colloidal form by Kjause and Kapitanczyk 
(Kolloid-Z 1935,71,55) The method employed 
was to dilute distilled water saturated with 
oxygen by means of a large volume of 18*55- 
19 60 n. sodium hydroxide solution. The col- 
loidal particles produced w^ere 5 m/x. to 3 m/z. in 
diameter 

Oxygen as a Basis for Atomic Weights 

Dalton (1803) originally selected hydrogen, 
having the lowest atomic weight, as an arbitrary 
standard for atomic weights, but the incon- 
venience of this choice was soon recognised, 
since few stable hydiides existed and hence in- 
direct comparisons were necessary Berzelius 
(1830) employed the standard 0 = 100 Dumas, 
using tlio hydiogen scale, found 0 = 15 96, and 
regarded the value 16 as probably correct Stas 
(1860) suggested that the standard be taken as 
O 16, but this met with little support at that 
time sinc^* it would have involved very little 
change in the accepted values of the atomic 
weights. However, during the period 1888-95 
the use of O 16 as a basis for atomic weights 
betame areepied and is now adopted by intei- 
nafional agreement 

The announcement of the discovery of an 
isotope of oxygen of mass 18 in 1929 by Giauquo 
and .lohnstoii (Nature, 1929, 123, 318), necessi- 
tated a reconsideration of oxygen as an atomic 
weight standard ^®0 -16 0000 was chosen as 
the basis of the “physical atomic weights,” 
dctei mined by means of the mass spectrometer 
A knowledge of the iclative abunilanco of the 
oxygen isotopes is necessary to determine the 
con vci Sion factor of “ physical ” to “ chemical ” 
atomic weights. Several values have been 
quoted, the most recent and probably the most 
icliable being i®0/i«0 =500_i^l5, i«6/i70=4 9 
iO 2 , thus the physieal-to-chemical mass-scale 
conversion factor is 1 000275^0 000009 (Murphy 
Physical Rev 1941, fii], 59, 320). 

An examination of the constancy of the 
abundance of oxygen isotopes, and has 
revealed a variation occurring in samples of 
water taken from the sea, inland waters, the 
atmosphcio, and snow (Bloakney and Hippie, 
xhid 1935, [ii], 47, 800) This variation is as- 
sumed to bo due to natural exchange reactions 
leading to the ennehmont of one isotope. Dole 
(J Chera. Physica, 1936, 4 , 268) found a differ- 
ence of 0 00011 units of atomic weight between 
oxygen from Lake Michigan (U.S A ) water 
(taken exactly as 16 000000) and the oxygon of 
air (16 000108). If the atomic weight of oxygen 
m the water from Nov'^ada Hot Springs is taken 
as 16 000000, the atomic weight of the oxygen m 
Lake Michigan water is 16 000034 and that of 
atmospheric oxygen is 16 000142. The varia- 
tion in the atomic weight of oxygen does not 
apparently affect the experimentally determined 
values of the chemical atomic weights, but for 
refined atomic-weight determinations a simul- 
taneous isotopic analysis of the oxygen may be 
necessary. 

Isotopes of Oxygen. 

The evidence for the isotope announced 
by Giauque and Johnston in 1929 (Nature, 1929, 
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123, 318) was presented later in the same year 
(J. Amcr. Chem. Soc. 1929, 61, 1436). It con- 
sisted of an exammation of the atmospheric 
spectrum from data already obtained by i)ieke. 
and Babcock (Proc. Nat Acad. Sci 1927, 13, 
670), in which the lines of a very faint A' band, 
appearing as duplicates of the lines of normal 
oxygen A band, agreed very closely witli the cal- 
culated absorption for an oxygen molecule 
leQiso. Further exammation revealed the 
presence of present in smaller quantities 
(J. Amer. Chem. Soc. 1929, 57, 3528) 

Many attempts ha\e been made by different 
methods to concentrate Clusius, Dickel, 

and Becker (Naturwiss. 1943, 31, 210) have 
obtained 99 0% pure the impurity con- 
sisting of The method used was that 

of thermal diffusion, six units of total length 
82 m., with a heating wire of a platinum alloy 
and water coohng, wore used, the total powder 
being 7 kw. A total of 250 c c of w as pro- 1 
pared in the course of 1 J years , as an inter- 
mediary 90% ^^Og was isolated. The platinum 
wire 13 stated to establish the equilibrium 
2160180 ^leOg+i^Og 

The fraetional diffusion method of Hertz (Z 
Physik, 1934, 91, 810) and Barwich {ibid 1936, 
100, 167) gives a sufficiently increased con- 
centration for experimental work, but the 
quantity obtamed is small. 

The vapour pressuie of Hg^^O diffeis only 
slightly from that of Hg^^O Wahl and Urey 
(J Chem Physics, 1935, 3, 411), found that the 
ratio of the vapour pressures of H 2^'*0 and 
Hgi^O IS 1 012 at 11 25°c and 1 0077 at 46 35"r , 
by extrapolation the figure <vt lOO^c is 1 003 
Many attempts have been made to utilise these 
data in distillation processes to obtain whaler 
enriched with ^®0. The most recent attempt 
was that of Thodc, Smith, and Wallvhng (C/anad 
J. Res 1944, 22 B, 127), who by use of three 
25-ft columns packed wnth “ Hydrite ” aggre- 
gate operated m cascade for 120 days, olitained 
150 ml of water enriched 6 5-f()ld in and 
2 7-fold in Several cxpeiimenters pre- 

viously used copper fractionating columns, 
notably Biodskii and fSkaiie (Acta Ph^sicochim 
U R.S S 1939, 10, 729) and Huffman and Urey I 
(Ind. Eng. Chem. 1937, 29, 531) The latter 
workers used a fractionating column built in 
seven sections , each section w^as 5 It long and 
6 in. in diameter and was fitted with 87 sta- 
tionary and rotatmg cones which served to 
provide a large exchange suiface A few' 
hundred c c. of 0 85% Hg^^O were obtained in 
this way. 

The possibility of the electrolytic separation 
of oxygen isotopes has been examined, and the 
separation factor shown to be 1 008 (Hall and 
Johnston, J. Amcr Chem 8oc 1935, 67, 1515). 
A somewhat higher value of the separation 
factor, VIZ. 1 034, is reported by Tronstad and 
Brun (Trans. Faraday Soc. 1938, 34, 766), and 
it thus appears possible that the value of the 
separation factor depends on the nature of 
the electrode material or the conditions of the 
electrolysis. By usmg the figure 1 008 for the 
separation factor it has been estimated that 
the reduction of an entire ocean would less than 
double the concentration of the heavy isotopes 


of oxygen (Johnston, J. Amer. Chem. Soc. 1935, 
57,484). ^ 

Separation of the heavier isotope has been 
achieved using exchange icactions. Below are 
listed three typical reactions with the c(iuilibi luin 
constants measured at 298 I'^K . 

iSi802-fH2i»0 ^ iS^^Og+HgioO . 1028 
iCi«Ogf JC'^Ogl-Hgico . 1054 

iioOg+HgisQ ^ ii«Oa-hHgi«0 . 1020 

The relative proportions of heavy to light 
oxygen in air and water depends on the equili- 
biium shown in the last equation being set up. 
Normally a relatively high temperature and a 
catalyst aie required for the equilibrium to bo 
established, but it is possible that in nature it 
may be attained relatively rapidly in the strato- 
spheie under the inllucncc of ultra-violet radia- 
tion from the sun (Dole, J Chem Fhysics, 1936, 
4, 272) The second leaction may also bo in- 
volved, wheioby c.iibon dioxide iieh in is 
prodiKcd and absorbed by plants wuth subse- 
quent libeiation of ^^Og 

The dctei jniiiation oi tli(‘ inopoition of heavy 
oxygen in watci may be niado by density 
measuiement An ai ( uiai^ of tlio oidor of one 
pait per million may bo obtained after careful 
punheation of the water, including a “ normal- 
ising ” pioeess, such as exchange with am- 
monium chloride, to icmovo eniuhed deuterium. 
^80 in oiganic compounds is dotoi mined by 
combustion with exi'css hydrogen, usmg a crai'k- 
ing surface ot gianulatod quartz coated with 
platinum followed by a nukel catalyst contain- 
ing 2% of thoiium (Russell and Fulton, Ind. 
Eng Chem [Anal ], 1933, 5, 384). 

Cohn and Uioy (J Amer Chem Soc 1938, 
60, 679), dcsciibed a method using the mass 
spectiomctoi A known weight of water to be 
analysed is shaken at room temperature with a 
known volume of carbon dioxide until equili- 
brium 18 reached (2-3 hours) The pioportion 
of ^80 in the carbon dioxide is then readily 
determined by using the mass spectrometer. 

The lefractivo index ot water containing 
heavy ox;ygcn can bo calculated from the ex- 
jiression obtained by J^owis and Luton (J Amor. 
Chem »Soc 1933, 55, 5061), J/Lt==0 0008y, whore 
J/a is the difference in /x at 25°c over ordinary 
water'^and y is the increase in mol. fraction of 
heavy water. The refractive index can thus be 
used to follow heavy oxygon enrichment m water. 

The masses of and on the physical 
scale have been computed from optical data as 
17 0029 and 18 0065 (Birge, Physical Rev. 1931, 
[ii], 37, 841) ytetter (Z. Physik, 1936, 100, 
652), from consideration of the radioactive ex- 
citation reaction ^^N-f ^He ^H, derives 

the value of the mass of as 17 0046. 

180 mterchange has been used to study a 
variety of reactions ]\Iost notable is the in- 
vestigation of oxygen interchange between 
oxy-anions and solvent water. Winter, Carlton, 
and Briscoe showed that no exchange occurs 
between H 2 ^ 8 Q sulphates at 100®o. in acid, 
neutral, or alkaline solution (J C S. 1940, 131). 
However, according to Hall and Alexander 
(J. Amer. Chem. Soc. 1940, 62, 3455), the change 
13 catalysed by hydrochloric acid. The exchange 
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has been shown to offur h1ow 1> in the case of 
S1O3'', BO2', BO/', B4O/', CrgO. ", Cr04 ", 
Mob/', WO4", CO3"", Mn04', IO3', SeOg", 
SO3'", SgO/', ASO4"", AsO,""" but not with 
NO2', CIO4', CIO3", and SeO/' The chief 
mcchanihins prOpobe-d to amount for these ex- 
change reactions are sumniansed bdow 

(I) Dehydration, followed by hydration This 
aiipcuiis to be the mechanism whereby siheates, 
borates, and ^lossibly chiomates, exchange 

(II) Hydration, followTcl by dehydration This 
piobably plays a part in the ease also of borates 
and in the case of carbon dioxide 

(ill) "J’c TiifioraTy c*ovalency increase 

Jblhcaill;^ has been experienced, how^evei, since 
not all of the interchange reactions c*an be ex- 
plainc'd in tc^ms of these thiee comparatively 
simple nice hanisms 

Monita (liull Chem Soc .lapan, 1940,15,47, 
2‘2(i, 2i)8), has examined the isotope exchange 
between gaseous oxygen and watei vapour on 
catalytic oxide sui faces The latc of exchange 
on aluminium oxide siirfac'cs was found to be 
almost indejiendent of the comfiosition of the 
gas mixture, indicating that the* determining 
fac toi IS the activated absoi jition of water on tin* 
oxide* SUI lac e 

Using the Heckrnann reairangc menl 

has been shown to yiroceed by means of an intei- 
mediate dehydiation Acylation of Et^^OH 
with acetic anh^clnde showed that the resulting 
ester contains one* oxygen atom from the alcxihol 
and one from the anhydride, wdiilsi the* alkaline 
fusion of siilphonates using Na*”OH showed 
that the reaction procc‘c*ds by elimination of 
SOgNa and addition of ONa (lirodskn, 
l)(‘dusenko, Makolkin, and Miklukliin, J (dic*m 
Uhysics, 1943, 11, 342) 

The exchange betw^een the oxygen in water 
and organic c omyiounds has been studu’d b\ a 
huge number of workers, a wide vaiKction in the 
velocity of the exchange* being found Uoi 
c*xample, with mc'thyl alcohol theie was no 
exchange at lOtfc’ for 7 houis, noi at 2.^0 foi 
24 houis in the piesence of acad Acetaldehyde*, 
on the other hand, was completely exchanged at 
25‘"c’ in 24 houis, by, it is proposed, a mechanism 
involving the formation of 

^OH 

CH3CH 

^OH 

Day and Ingold (iJ US 1939, 838), used ***0 
to study the mechanism of hvdiolvsis of cai- 
boxylie acids The hi*avy oxvgen isotopes have 
also found a use in biological iesi*arch, c c/., 
animal respnation was studied using an ^^O- 
enriehed atinospheie, and it was shown that the 
oxygen enteis directly into the c'aibon oxidation 
and IS exhaled as carbon dioxide (Ibi^ and Sheel, 
Natuie, 1938, 142,917). 

Atomic and Molecular Oxygen 

Oxygen exists in four forms, atomic oxygen, 
ponsisting of single atoms, noimal oxygen, con- 
sisting of diatomie molecules, ozone, consisting 
of triatomic molecules, and a further form con- 
taining four oxygen atoms 

Atoiuie oxygen may be piodueed by stieamnig 


molecular oxy^gen at a pressure of about 1 mm. 
through an (*le(tric*al discharge "Jlie apparatus 
IS similar to that usod for piocluc ing and studying 
atomic li^vdiogcn. the gas yiassing away fioni the 
clischaigci consisting of a mixture of molecular 
and atomic o\}gen The recombination of two 
atoms to foim an oxygen molecule and the c'oin- 
bination of an atom and a molecule to form ozone 
can occur only as a three-body collision or on a 
solid surtace, and hence the concentration of 
o/one in the mixtiiie increases as the tempera- 
ture* IS low Of ( d The energy of activation ot the 
process O } O2 O3, is only 4 kg -cal , the 
ic'action between oxygen atoms in a discluirge 
and niolec iilar oxvgen at low tempeiatures being 
a convenient me tliod of preparing a high con- 
(C‘nt ration c)f ozone 

An alt ei native mcdliod of jiroducing atomic 
oxygen is liy irradiation with light ot some wave- 
length within the continuous absoi ption range 
ot oxygen, i e , of wave-lengths less than 1,900 A. 
A (ond(‘iihC‘d spaik passed between aluminium 
(‘Ic‘( tiodc's in air will produce light containing 
this wave-length Tlu* resonance lines of xenon 
at 1,495 a and ],2t)5 A , coirespondiiig to 193 
and 219 kg -cal, rcsjiectiv olv, also ellect the 
|.hot..,l issoc lalion of o\>g(‘n 

Oxygi'ii (<in be dissociated theimaliy, the pei- 
centage* dissociation at 700 mm being shown in 
the following Table (von Wartenbeig, Z anorg 
(9ic*m 1940, 244 , 335 , 1938, 238, 299) 

T K 2,000 2,500 :J,()00 3,500 4,000 

“o \toiiiic oxv- 

KC*U 3 O'* 10-2 0 .s:, r, ()r, 24 0 Old 

Dissociation can also occur on «i suif«i(*e of 
metals, c c/ , the dissoc i.ition ot oxygen on a 
glowing pl.itinum surf.icc has been shown to 
have a vclo(i1\ iiiopoilioiud to the sipi.iie loot 
ot picssuic The* heal ot dissoi'iation m this 
i(*ac tion IS 20,00(1 30,00(rg-cal (Mochan, Ivhmi 
He fciat Zbui 1940, i\o 4,3) 

(jlauzit (Uompt icnd 1941, 213, 095), using 
Hpc*ctrc)giaphic methods, estimates that a height 
of 100 km above the c*arth’s surface the atmo- 
sphere consists entiiely of atomic nitrogen and 
oxygon 

The recombination of oxygen atoms is a 
strongly exotheimic leaclion, viz OfO Og 
-f 110 4 kg -eal If the recombination is made 
to occur, for instance, on the surface of platinum 
metal, the h(*at of reaction is sufticicnt to melt 
the platinum 

The half-lifc* of the oxygen atoms depends on 
scveial fictois, but is influenced mainly by the 
presence of foreign gas(*s and the pressure 

The reactions of atomic oxygen have been 
extensively studied (cf Geib, Ergebn exakt 
Natuiwiss 1935, 15 , 44) With hydrogen the 
ultimate product is water This oxidation, 
carried out in a cpiaitz vessel, has been shown 
(Pavlyuchenko, J Phys. Chem. U S S.R 1940, 
14 , 877) to bo a volume reaction, the energy of 
activation being zero from —183“ to 0“c , a fact 
taken to indicate that the effectiveness of col- 
lision betw'een oxygen atoms and hydrogen 
molecules for oxidation, and the collision 
between oxygon atoms and oxygen molecules 
for deactivation, is tlie saTiie There is, however, 
still great unceilainty as to the exact mei'hanism 
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of the reaction {cf Kistiakowsky and Smith, 
J Anicr Choni Soc 1985, 57, 885) Ilydrof^en 
sulphide an<l carbon disulpliidc both ic\\<t \Mth 
atomic oxygen at low pressuie with a blue 
liimincsociK’e and the produition of S, SOj, 
SO 3 , H 2 SO 4 , HgO, CO, and COg Sthenk 
and Jablonowski (Z anorg Chem 1910, 244, 
897), using an impiovcd appaiatus for the 
preparation of atomic oxygen, examined the 
products tor HgSO , none was, however, 
detected The rcxiction of atomic oxygen with 
caibon monoxide is very slow at loom tempera- 
ture Nitrogen dioxide at — 190°c leacts 
vigorously with the production of a green 
luminescence, to give nitrogen pentoxide With 
chlorine the products are piim.inlv chlorine 
monoxide and chloiine dioxide, whilst with 
bromine at liquid an temperature atomic oxygen 
forms in quantitative yield a compound having 
(he composition Br02 With the h^>drogen 
halides, HCI and HBr, the free halogens are 
liberated Carbon tetrae blonde reacts vMth 
atomic oxygen prodiu mg phosgene and c hlorine , 
c'hlorolorrn produces hydrogen chloride as w'ell, 
whilst meth>lciie chloride produces livdrogcm, 
water, hydrogen chloride*, chlorine, cai Ixui mon- 
oxide, caibon dioxide*, and ])hosgenc* Methvl 
chloiide le.icts only slowly All hvdiocaibons 
are attacked 111010 01 less slowd}, the UMction 
being ac c omp.inic'd bv lumniescc*rice, the* spc‘< - 
trum oi which shows OH, CH, <ind sometimes 
CC bands At low tc*mpeiaturc*s <itomic oxv gen 
takes part in <iddition ic*<icti()ns witli un- 
sat uraled compounds, thus h) ie<iction with 
acetylc'iK' a substance* ot composition C 2 H 2 O 2 is 
formed, which decomposes at t<*m])c r<ituies 
above — 90‘’(’ , producing watc'i, formic acid, ind 
gl\oxal, tc)gc*ther with a lillle caibon diovidc 
Hen/a*ne reacts at 80' c with atomic o\\gen, 
tliiee oxygen atoms poi niolc*c ule bc*ing ,iddc*cl, 
whereas abc)\e 80' c’ the* pioduc*t dec omposc-s 
into products simihii to those* obtained fiom tin* 
analogous reaction wrth acetylene An ex- 
plosive substance is obt, lined by rcviction ot 
atomic oxvgeri with ammoni.i Hvclrogen 
cyanide and cv.inogt*n react witli c'uiission ot 
light, the spectrum ot vchich shows CN bancls 
The produc’ts aie mainly caibon monoxide, 
caibon dioxide, water, and nitrogen 

Rodebush and Nichols (Idi^sical Re\ 1980, [ 11 ], 
35, 649) have shown that molybdenum tnoxide 
may be reduced liy the* action ot atomic oxygen , 
the product is not furthei reduced b\ li’ycliogen 

Gaj'don, studying the continuous sj)c*c*tra c)f 
dames, has shown th<it atomic* o\\gen pla>s a 
large role in pioc c*ssc*s of combustion (Rroc Ro^ 
Soc 1944, A, 183, 111) 

The tetra-atomic oxygen molecule was lust 
postulated by Hams ((’hern -Ztg 1907, 31, 609), 
who also termed it oxozone, which he claimed 
was a compound of grc'at activity, piesent in 
appreciable cpiantities in gaseous and liquid 
ozone This substance has never been isolated 
and Kiesenfelcl and Sc*hwab (Ber 1922, 55 [B], 
2088), who succeeded in prcpaiing pure gaseous, 
liquid, and solid ozone have stated that there is 
no evidence for its existence Spectroscopic 
evidence has been brought forward to sub- 
stantiate the existence of ( 02)2 molecules 
Heller considers the molecule as a cpiasi- or van 
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der Waals molecule (J Chem Physics, 1941, 9 , 
154) That ( 02)2 molc'c ules exist in gaseous 
oxygen as well as in the Inpiici and solid phasc*8 
follows cone lusiv c*ly fiom the* ol)sc*i\ccl con- 
tinuous absorption bancls of the ( 00)2 molecule 
Some of those hands are responsible" fui the pale 
blue colour of compressed, IhiukI, and solid 
oxygen The spc*etrOvScc)pie evidence is coiio- 
boiatcd the icsults ot a good many other 
investigations, namc*ly the clcpaituic of oxygen 
from the rccluc*c*decpiation of state, the .vnomalous 
Eaiaday ellcct, the deviation fiom Cuiie's Law 
of paiamagnetism, the Cotton-Mouton eflcct, 
the stiuc tine ot y-oxygon, and the magnetic sus- 
ceptibility The* O — O distances aic 1 21 \ 
and 8 48 A , the atoms separated by the shoitei 
clistarue being tightly bound by normal valc*nc*y 
foiec^s, and the pans of atoms sepaiatecl ly the 
laigor distance b^ inter moloeiilar loic es, probably 
ot the natiiic ot the Heitler -Loudon dispersion 
foic*e* I'^iom data obtained fiom tlu* clcMations 
of liquid oxvgtri fiom Cline's Law ot jiaia- 
niagnetism the trac*tion by weight ot the climei 
111 the nnchlutc'cl substance has hc'cii ealeiilated 
l)> Lewis (J Amcr ('hern Soc* 1924, 46, 2027) 
to he 40% at 77 '’k , and, by extiapolat ion, 0 08% 
at 298'’k and I atm (Jiulben (Compt leiul 
1986, 202, 187.1), by making use of tJie con- 
ccritiation clc‘pcri(lenc e ot the extinc-tion c*o- 
c'flicient, has confiim(‘d the* value* ot 40% of 
(^ 2)2 

RADioe’iirviisniv 

Two laclioac't i\ c* isotojies ot oxvgc*n c'an he* 
piocliiced, winch is .utive with a halt- 

lifc* of 126 sec* and ***0, w Inc h IS p activewitha 
half-hfe of 81 sec *•'*0 has l)C‘c*n prochic'ccl by tin* 
lollowing leaelions ‘■*N(u,a)‘'’0 , ‘•’0(y,a)‘^0 , 
'60(w,2/i)'^0, J'*N(/>,y)i^»0, >-C(a,/0'^O, 
h.is been pi()cinc*c‘(l only by the ic‘ac*tion 
{cJ Se.iborg, (’hem Rc*v 19t0, 27, 

199) 

(Jx^geii unclc*igo(*s various ])ai tic Ic‘-captuie 
rc*aetions, i«0(y>,a)''^N , i70(a,//)i«F (Welles, 

Physical Rev 19 tl, |ii|, 59, 679) The ieac*tion 
'’'0(«,y)*”F lias been suggc*stc‘cl but not eon- 
Inmccl Zagor and Valente {ihid 1945, [ 11 1, 67, 
1.88) repoit the* leaetion “”Ne(a,a)‘’0 
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Oxygen is noimally a divalent element, the 
iiiter-boncl angle's varying trcjiii 100 \ 8" 111 F 2 O 
to 118 .S'" in p/>-di-iodc){)hc*nyl c*thc*r In 

ethylc*ne oxides thci oxygen is under strain and 
submits to a honcl angle of 60 ‘ 2" Fnc*cJcl in 
1875 show'e'd that ethers, eg, (CH3)20, c-oulei 
form unstable salts of the form [(CH3)20XJ Y“ 
with aeicls, eg, HCI, and with methyl iodide 
Moie stable salts such as those from compounds 
of the dimethyl pyrone type 
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It IS now generally recognised that j.he proton 
IS far too unstable to exist free in contact with 
water, and that it exists m the form of the 
hydroxonium ion, 

The compounds in which oxygen is tetra- 
valent are known as oxonium salts. X-Kay 
analysis of basic beryllium acetate has shown 
that the four valencies of the central oxygen 
atom are tetrahedrally distributed m space. 

Oxygen ions, O", exist only in the crystal 
lattice The oxygen molecule-ion, Og', present 
in superoxidcs, e g , KOg, presents an interesting 
example of an ion possessing an unpaired 
electron It is deeply coloured and para- 
magnetic 'file Og" ion is present in the per- 
oxides possessing the simple structure O' — O'. 

The congeners of oxygen in the sixth group of 
the Mcndolcef classification of the elements aie 
chiomium, molybdenum, tungsten, and uranium 
in the A sub-group, and sulphur, selenium, tel- 
lurium, and polonium in the B sub-gioup The 
A sub-group bears no relationship to oxygen, 
but sonic of the compounds of sulphur, Hclenium, 
and tellurium aie analogous to those of oxygen, 
e g , sulphides 

The great chemical activity of oxygen is a 
commonly encountered phenomenon, especially 
in the processes of combustion Oxygen com- 
bines directly with most elements under suitable 
physical conditions In many of these reactions 
sulhcicnt energy is evolved to heat the products 
to the point of incaiidescenee, as in the familiar 
burning of carbon in air. The slowness of many 
reactions involving oxygen is doubtless con- 
nected with the largo energy required to dis- 
sociate the oxygen molecule into atoms. All 
elements, with the exception of the mcit gases, 
combine indirectly with oxygen. 

The metals and oxygen react with vaiying 
affinity, no metals in the massive state react 
appreciably at ordinary temperatures, but sur- 
face oxidation does occur very slowly in the case 
of a few Finely divided metals, e g.^ those in 
the pyro})hoiio state, are usually spontaneously 
mflammahlc in oxygen. Moist oxygen, on the 
other hand, reacts with a large number of mc'tals 
at loom tcrapciatuio. Metals such as sodium, 
potassium, calcium, and magnesium combine 
leadily with oxygen on lieating, the reaction 
being accompanied by an evolution of heat and 
light. Iron can bo made to hum in oxygen if it 
IS m the form of steel wool or of fine wire, and is 
previously raised to a suitably liigh temperature 
The burning of metals m oxygen gives rise to 
various oxides, according to the amount of 
oxygon present , thus foi instance, sodium gives 
sodium oxide, NagO, m a deficiency of oxygen, 
and sodium peroxide, Na202, m excess of 
oxygen Potassium in excess oi oxygen results 
m tlio formation of the oxide KOg If the 
oxide 13 unstable at the temperature necessary 
for reaction it will not bo formed directly, oven 
though much heat bo evolved in the formation 
of the oxide. This is true in the case of the 
oxides of silver, gold, platinum, and palladium 
However, the platinum metals in the form of foil, 
or in the spongy state, combine with oxygen to 
give a thin layer of black oxide. 

The non-metals, w'lth tlie exception of the 
halogens, combmo readily with oxygen at various 


temperatures Phosphorus, sulphur, and carboil 
bum readily in pure oxygen on warmmg to give 
acidic oxides. Nitrogen absorbs energy when 
it unites with oxygen, and consequently the 
oxide IS formed only at a very high temperature 
The oxides of chlorine, bromme, and iodine aio 
not formed by direct reaction with oxygen , 
however, by passing a mixture of fluorine and 
oxygen through an electric discharge, oxides of 
fluorine have been obtained The halogens react 
with ozone to give oxides under varying physical 
conditions. A ]ct of hydrogen will burn quite 
readily in oxygen and even if placed below the 
surface of licjuid oxygen will continue to burn 
Liquid oxygen is without effect on the majority 
of non-metals, though graphite and diamond 
when once ignited will contmuo to burn on the 
surface of the licjuid, with the lesultant forma- 
tion of liquid ozone and solid carbon dioxide 

The compounds of oxygen with the metals 
and non-metals may be divided into several 
types, considered below. 

1 Basic Oxides . — It is characteristic of the 
metallic elements that each forms at least one 
oxide which will react with acids to produce 
salts, the valency of the metal remammg un- 
altered, e r/ , CuO, Na20. 

2. Acidic Oxides f often termed anhydiulcs, 
are derived from non-metals, c g , SOg, NgOg, 
but may include ccitam of the higher oxides of 
some metals, e gr , CrOg, MrigO^ It is cha- 
racteristic of these oxides that they combine 
with water to form acids Unlike the basic 
oxides, an acidic oxide rarely adds sufficient 
water to convert all its oxygon atoms into 
hydroxyl groups, e g , 

SOg+HaO-^ H2SO4. 

It IS, however, sometimes possible to prepare 
organre derivatives of the completely hydroxy- 
lated (“ ortho ”) acid 

3. Mixed Oxides . — In some cases acidic oxides 
are encountered which give, on reaction with 
water, a mixture of two acids , these are termed 
mixed oxides, e g , 

NaO^-i-HgO HNOg+HNOg 

Some basic oxides behave m a similar manner 
giving a mixture of salts of the metal in two 
valeiK y states, e g , 

FeS04+Fe2(S0j3+4H20. 

4 Neutral Oxides — This class of oxides is 
small, and includes all the oxides which do not 
belong to one of the other classes named. They 
do not combme with water to form acids, nor 
do they neutralise acids Water, caiboii mon- 
oxide, and nitrous oxide are examples of such 
compounds Carbon monoxide and nitious 
oxide are formed fiom formic acid and hypo- 
nitrous acids, respectively, by loss of water, so 
that, although they do not unite with water to 
form these acids, their relationship to them i*^ 
such that they cannot be considered neutral 
oxides m the narrower sense 

5 Amphoteric Oxides — These are capable ol 
functioning either as basic or as acidic oxides, 
e g , aluminium oxide is soluble in alkabs, vvitL 
the production of sodium or potassium alumi 
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nate, Na2Al204, and it may also be dissolved 
in acids with formation of tervalent aluminium 
salts. Zinc and tin are two other commonly 
encountered metals possessing oxides with 
amphoteric properties 

6 Peroxides. — These contain the coi respond- 
ing peroxide ions, consisting of oxygen molecules 
bearing a double negative charge, thus O' — O' 
The action of acids on these peroxides is to pro- 
duce hydrogen pei oxide and the corresponding 
salt. The peroxides are characterised by the 
oxygen-oxygen budge 

The methods for preparing individual oxides 
may be generalised into the following commonly 
employed methods 

(1 ) Direc t reaction of the element with oxygen. 

(2) Decomposition of nitrates, chlorates, etc , 

eg y 

2Cu(N03)2->2Cu0 f4N024 

(3) Decomposition of carbonates, e g , 

CaCOg -> CaO+CO^ 

(4) Picciintation of the hydroxide and subse- 

quent Ignition to the oxide 

(5) Dehydration of an oxyacid 

As has been refeiied to in an c.irliei section of this 
article, molten silver, platinum, and palladium 
absorb ox^^gen to give a solution of the gas in 
the metal , the majority of the gas is evolved 
on cooling This may be regauled as a chemical 
reaction leading to the formation of oxide wdiich 
is appreciably soluble at elevated temperatures 

Non-stoicheiometnc oxides aie formed m the 
case of several of the metals with variable 
valency. Thus the low'cr oxides of iron, cobalt, 
and nickel show what is noimally dcscubed as 
the foi matron of a limited range of solid solutions 
with the higher oxides The instability of the 
stoicheionietric oxide NiO, and the fact that it 
cannot be prepared pure, has been demonstrated 
by Hdgg (Nature, 1933, 131, 107) The 

stoK heiomctry of this oxide has been investi- 
gated magnctochemically by Klemin and Hass 
(Z ariorg Chem 1934, 219, 8J), who showed 
that the magnetic sustcptibihtv of nickel oxide 
prepared by ignition of the carbonate showed 
great variability, being dependent on the field- 
strength (a chaiactenstie of ferromagnetic 
materials only) , the Curie point was the 
same as that of metallic nickel When a com- 
pound havmg the stoicheiometnc composition 
NiO^ooo heated m oxygen, the suscepti- 
bility fell, reaching a constant value, indepen- 
dent of the field- strength, at about the com- 
position NiOi. 005* It IS thus plain that the 
latter figure represents the limiting composition 
of stable nickel oxide and that the stoicheio- 
metric NiOi.qoo “lust be unstable, undergoing 
disproportionation into NiOi.qq^+Ni The 
stable phase of ferrous oxide, FeO, departs even 
farther from the stOK'heiometric composition 
The non-stoicheiometric oxides are semi-con- 
ductors. In the case of copper oxide, alteration 
of the oxygen pressure above the crystal shows 
that the oxide owes its conductivity to the 
presence of excess oxygen atoms in the lattice, 
whilst m the case of zinc oxide, on the other 
hand, the conductivity is apparently due to the 
presence of excess zinc atoms. 

VoL. IX.— 12 
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Other compounds containing varying amounts 
of oxygen are known. Most notable amongst 
these are the tungsten oxides, wliK'h occur durmg 
the reduction of tungsten oxide by hydrogen in 
the absence of basic oxides. The lesultmg pro- 
duct, which contains a small amount of hydro- 
gen, has been shown to have a vaiiablo com- 
position depending on the experimental con- 
ditions employed. 

Graphite can be oxidised by the action ol 
strong oxidising agents, such as nitric acid and 
Xiotassium cliloiate The graphite swells in onii 
crystallographic direction onl>, wdiilst both ox\ - 
gen and hydrogen me taken up into the lattices 
The eventual pioduct vanes in colour from green 
to brown according to the conditions. This 
variation in composition, and the accompanying 
variation in colour, led to the belief that a 
number of compounds are formed, called 
graphitii' oxides Measurements of the distance 
between successive graphite sheets in those com- 
pounds show that it increases fiom the value 
3 45 A. m graphite itself to values between (> and 
11 A., and that this expansion in spacing follows 
the increasing oxygen content It appears that 
the oxygen atoms are attached to both sides 
of the (arbon sheets, the cai bon oxygon ratio 
vaiying botw'cen 2 9 and 3 5 to 1 

The thermal stability ot the metallic oxides 
vanes greatly between the most electropositive 
and the most electronegative The alkali metal 
oxides are volatile at high temporatuies , 
except in the case of lithium hydroxide, the 
action ot heat on the hyilroxidos will not result 
in the tormation ot the oxides of the metals 
The oxides of the alkaline-earth metals are 
utilised as ictiactories, the boiling-pomt ot 
magnesium oxide being about 2,800 'c When 
strongly heated, the oxides of the alkaline earths, 
and also those of ceitaiii othei metals, notably 
thorium and zinc, become strongly incandescent 
The basic oxides ot the heavy metals are decom- 
posed into their elements only at very high tem- 
peratures Cuprous oxide is the most easilv 
decomposed (1,935 '"k , under the partial pressuii* 
of oxygen in the air) The ilissociation pressures 
of the oxides ot iron, cobalt, nickel, copper, 
manganese, tin, and tungsten have been deter- 
mined by Wohler anti llalz (Z Eloktrochem 
1921, 27, 400), by utilisation of the reaction , 
metal 4- watci oxide f- hydrogen The oxides 
of the noble metals are readily decomposed on 
heating into the metal and oxygen, intermediate 
oxides in which the metal assumes a lower 
valency state occurring as intoi mediates It is 
thus usual to prepare the oxides of the noble 
metals by indirect routes Silver and auric 
oxides may be decomposed photochomically. 

Many substances are oxidised at ordinary 
temperatures, e g , nitric oxide, ferrous and 
manganous hydroxides, etc. In some cases the 
oxidation is so vigorous that the heat developed 
inflames the mass. This is the case, for instance, 
with hydrogen phosphidb, P2H4, silicon and 
boron hydrides, zinc ethyl, etc. 

The oxidation processes which take place with 
the emission of light are usually referred to 
generally as combustion or “ burning.” Two 
mam theories of combustion have been put for- 
ward. Many of the investigations in this field 
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have been based on hydrocarbon o\i(lation. 
Bone, to whom much of the early work on the 
chemistry of hydrocarbon combustion is due, 
proposed a hydroxylation mechanism, which, in 
the case of ethylene, may be represented as 
follows : 

CHa H—C— OH HCHO -j- HCOOH H2CO3 

11 -> II I >1/ I 

CHa H— C— OH CO+H2 CO+HaO CO2+H2O 

Jf these changes are assumed to occur, the varied 
relationships between the possible products can 
bo adequately explained. It is now generally 
accepted that the oxidation of hydrocarbons 
takes place through the formation of peroxides 
and hydroperoxides In ordinary cases of 
oxidation the peroxides are only formed at 
temperatures where their survival is unlikc‘ly 
These intermediate peroxidic compounds have 
been detected in combustion at an early point 
in the cycle of an- intomal-combustion engine 
The oxidation of hydrocarbons is undoubtedly a 
chain rc'action involving free radicals as carriers 
(For luither information on modern develop- 
ments m the subject of oxidation, see Symposium 
on Oxidation, Trans. Faraday Soc 1940, 42, 99 ) 

Oxidising agents, and particularly peroxiclu 
compounds, are the commonly employed 
catalysts for the polymerisation of cthylenic 
monomers, including such compounds as styrene, 
acrylic acid, etc. Silicone resins may fuither 
polymerise by aerial oxidation of methyl groups 
attached directly to silicon atoms, the oxidation 
resulting in the formation of a further cross 
linkage 

The term “ corrosion ” is given generally to 
processes involving the formation of metal oxide 
films {see Evans, J.C S. 1949, 207). 

The process of resjnration m animals iiuolves 
the absorption of oxygen tliiough the lungs, the 
transfer of this oxygtui by the blood to the cells, 
and the uptake of carbon dioxide by the blood, 
with its ultimate elimination through tlie lungs 
The uptake of oxygen by the blood does not 
follow Henry’s Law for gas solubility, the 
absorption being, in fact, a clieinical reaction 
between the haemoglobin of the cells and oxygen, 
resulting m the foimation of oxylnemoglobin 
The nature of the respiratoiy process as one 
of “ sloi^ combustion ” w'as recognised by 
Lavoisiei , it is the heat evolved from this 
oxidation of organic matter that maintains the 
body temperature Oxygen is necessary for all 
forms of life, excepting certain of the lower 
forms, which are hence termed “ amerobic.” 
Normally, pure oxygen is detiimental to the 
continued liealth of animals, although in certain 
cases the administration of pure oxygen is 
necessary for medical reasons 

Bean (Physiol. Rev. 1945, 25, 1) and Bean and 
Siegfried (Amer J. Physiol. 1945, 143, 650), 
report that oxygen at high pressures is toxic to 
animals 

Detection and Determination. 

Qualitatively, the simplest test for gaseous 
oxygen is the rekindling of a glowmg splint of 
wood, a property possessed by one other gas 
only, VIZ. nitrous oxide A mixture of air and 
oxygen containing less than 30% of oxygen does 


not Ignite a glowing splint. When mixed with 
colourless nitric oxide, oxygen produces deep 
reddish-brown nitrogen dioxide, whereas nitrous 
oxide does not. Nitrous oxide is also consider- 
ably more soluble in cold water than is oxygen. 
Oxygen reacts with a solution of pyrogallol in 
potassium hydroxide, which should be nearly 
colourless, to give a dark brown coloration. 
Ferrous sulphate and catechol mixed in an 
alkaline solution rapidly absorb oxygen with the 
production of a deep red colour. White mdigo 
absorbs oxygen rapidly, the product being blue. 

For the quantitative determination of gaseous 
oxygen methods of absorption and combustion 
and several physical methods are available. 
The absorption of oxygen can be readily earned 
out m an ordinary gas analysis apparatus, such 
as the Orsai or llcrnpel apparatus The follow- 
ing absorbents are in general use . 

1 Potassium and Sodium Pyrogallate Solutions 
— These solutions absorb oxygen rapidly when 
flesh The reagent consists of two stock solu- 
tions, (i) contaming 600 g. of potassium 
hydroxide in 1 litre of water, and ( 11 ) containing 
300 g of pyrogallol (1 2 3-trihydroxy benzene), m 
I litre of water (Pyrogallol is often referred to 
as pyrogalhc acid ) For use 50 ml. of the 
pyrogallol solution is mixed with 175 ml. of the 
potassium hydroxide solution In the case of 
sodium pyrogallate, 60 ml. of the pyrogallo 1 
solution described above is mixed wuth 150 ml 
of 50% sodium hydroxide solution. The mixed 
solution should be kept in a stoppered vessel to 
avoid contact with air Care must bo taken with 
the use of this reagent, especially the sodium 
pyrogallate, since high concentrations of oxygen 
combined with low concentrations of alkali 
result m the evolution of carbon monoxide from 
the reagent When the concentrations described 
above are used, 1 ml should absorb 8-10 ml 
of OX} gen readily befoie renewal. 

2 Avimoniacal Copper — Clean moist copper 
absorbs oxygini freely, but a film of oxide is 
rapidly formed over the copper, which prevents 
fuither oxidation An ammoniacal solution of 
ammonium carbonate readily dissolves the 
oxide, leaving a clean copper surface The 
reagent is best prepared by treating pieces of 
copper or cojiper gauze, cleaned with nitric acid, 
with 500 ml of a saturated solution of am- 
monium cnibonato and an equal quantity of 
concentrated ammonium hydroxide. To utilise 
this leaction for analysis a suitable absorption 
vessel IS pai ked with pieces of copper or copper 
gauze, vvluch is then covered with the am- 
moniacal solution When the gas enters the 
vessel the solution is displaced, leaving a clean 
copper surface, which absorbs the oxygen. The 
gas may then bo removed by allowing the solu- 
tion to return to the absorption vessel and 
remove the oxide layer. This process may be 
repeated many times if necessary. The reaction 
can bo used for the continuous absorption* of 
oxygen, the gas passing up a tower packed with 
clean copper gauze, down which a stream of the 
ammoniacal solution is allowed to flow. After 
continual use a yellowish-brown precipitate 
forms which necessitates cleaning of the appara- 
tus. Gases such as carbon monoxide and 
ethylene must be absent for this determmation. 
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3. Yellow Phosphorus , — Tho absorption of 
oxygen by means of phosphorus takes place by 
allowing the gas containing the oxygen to 
remam over moist phosphorus. Tho forma- 
tion of white clouds indicates the presence of 
oxygen, and their disappearance shows that the 
absorption is complete. If tho gas contains 
more than 60% of oxygen, moist phosphorus 
will not absorb it at normal pressures, and m 
this case the gas must be diluted with either 
nitrogen or hydrogen, until the mixture contains 
less than 60% of oxygen , alternatively it may 
be allowed to react with phosphorus under 
reduced pressure, but in this case tho reaction 
may be rather vigorous Tho presence of traces 
of heavy hydrocarbons, ethereal oils, alcohols, 
or ammonia results in the prevention of absorp- 
tion. Tho phosphorus is usually used in the 
form of small sticks, 4-6 mm. in diameter, m tho 
usual Orsat apparatus. The oxidation of phos- 
phorus IS slow unless earned out in a warm 
atmosphere Tho use of phosphorus in the 
Orsat apparatus is not to bo recommended 
owing to tho danger of explosion and fire. 

4 Chromous Chlot ide — Although this reagent 
IS one of tho most rapid absorbents for oxygon 
and has been m use for nearly fifty years, it has 
not become popular because it is difficult to pre- 
pare and keep in the reduced state. Stable solu- 
tions in quantities sufficient to charge a pipette 
can be prepared best by reducing chromic 
chloride in a Jones rcductoi containing amal- 
gamated zinc It does not absorb hydrogen sul- 
phide or carbon dioxide A stablished solution 
of chromous chloride, called “ oxsorbent ** has 
been used with success. 

5. Alkaline Sodium Hyposulphite , — Tho re- 
action occurring on the absorption of oxygen 
with this reagent is 

Na 2 S 204 + 02 +H 20 -> NaHS 04 +NaHS 03 . 

The absorption is slower than with alkaline 
pyrogallol, but takes place at much lower tem- 
peratures , further, no interference due to 
evolution of carbon monoxide or absorption of 
unsaturated hydrocarbons is encountered A 
suitable reagent is prepared by dissolving 50 g 
of sodium hyposulphite in 250 ml of water and 
30 g. of sodium hydroxide in 40 ml. of water 
and mixing tho solutions The rate of absorp- 
tion IS considerably increased by tho addition of 
sodium anthraquinone-jS-sulphonate. 

Vanous methods exist, of which only one will 
be mentioned, m which tho oxygon is absorbed 
and the resulting products (or the remaimng un- 
reacted reagent) determined by normal analytical 
methods. Oxygon can be absorbed in small 
quantities by manganous hydroxide, which is 
white when freshly precipitated from manganous 
chlonde by sodium hydroxide solution. On con- 
tact with oxygen the following reaction occurs . 

4Mn(0H)2+02+2H20 ->4Mn(OH)3. 

The analysis is earned out m a Bunte burette ; 
after tho absorption is complete, excess of a 
solution of potassium iodide is added to the 
burette, followed by sulphunc acid; the solu- 
tion is transferred to a flask and quicldy titrated 
with sodium thiosulphate solution : 

2 Mn(OH) 3 -|- 2 l'+ 6 H+ -> 2Mn+++ 1 2 + 6 H 2 O. 


1 ml. of 0 In. sodium tluosulphate solution is 
equivalent to 0 560 ml. of oxygen at N.T.P. 
Winkler (Ber. 1888, 21, 2843) used this method 
for the determination of oxygen absorbed in 
water. Tho sample of water is shaken with 
manganous hydroxide, prepared in situ from 
manganous chloride and alkali, and the amount 
of dissolved oxygen determined by tho addition 
of hydrochloric acid and potassium iodide and 
the subsequent titration of tho liberated iodine 

In the absence of combustible gases in tho gas 
mixture oxygen may be detei mined by ex- 
plosion with a known volume of hydrogen and 
subsequent measurement of tho contraction in 
volume. A small explosion pipette, suitably 
screened and containing soalod-m platinum 
wires connected to an induction coil, is used. 

Oxygen can be determined colorimetrically by 
absorption in ammoniacal cuprous chloride solu- 
tion. Tho resulting oxidation to tho cupric com- 
plex results in tho formation of a blue coloration, 
tho intensity of which is directly proportional 
to the amount of oxygon absorbed. This 
method can bo used directly for tho dotormma- 
tion of dissolved oxygen, although a correction 
for tho colour of tho original solution must bo 
made. Gaseous oxygon may bo determined 
colorimetrically by its interaction with man- 
ganous hydroxide in tho presence of potassium 
iodide. After acidification, in tho presence of 
starch, the blue colour of tho starch-iodine com- 
plex 18 used for comparison with standards 
Using this method it is possible to detect 0 15 
p p.m. by volume of oxygen. Colorimetric 
methods, based on the colour produced with 
“ Adurol ” (a chloro-dorivative of hydro- 
quinono) (Winkler, Z. angew. Chom 1913, 26, 
134), pyrogallol, and tho louco-baso of indigo 
carmine, have also been used. 

A method for tho detection of traces of oxygon 
has been proposed in which tho faint blue 
fluorescence obtained in the photolysis of acetone 
in^tho presence of a traOo of oxygen is utilised 
(Damon, Ind. Eng Chem. [Anal.J, 1935, 7, 133). 
By means of the destruction of tho phos- 
phorescence of trypaflavino absorbates, oxygen 
can be detected at pressures as low as 0 0005 mm. 
As absorbent, gels of highly polymerised in- 
organic acids are suitable, whilst the most suit- 
able dyes are trypaflavine, euchryin 3R, and 
uranin (Kautsky and Hirsch, Z. anorg. Chem. 
1935, 222, 126). 

Several automatic devices are described in the 
literature for the estimation of oxygen m in- 
dustrial gases. Tho majority of these instru- 
ments depend on tho application of thermal con- 
ductivity measurements of gas mixtures, tho 
instruments being calibrated against mixtures 
of known composition. A recording mass 
spectrograph is described for tho determination 
of mixtures of oxygen, carbon monoxide, and 
carbon dioxide (Amor Chem. Abstr. 1945, 89, 
3471). 

An interesting instrument, the use of which, 
as an oxygen meter, depends on the fact that 
the magnetic susceptibility of oxygen is very 
much greater than that of other common gases, 
has been described by Pauling, Wood, and 
Sturdivant (J. Amer. Chem. Soc. 1946, 68, 795). 

The determmation of combined oxygen is 
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difficult and seldom attempted. If the presence weighed. Several cracking surfaces have been 
of oxygen has been definitely established it may suggested ; platinised quartz or asbestos appear 


often be estimated by difference after determina- 
tion of the other constituents present In cer- 
tain cases of inorganic compounds, where the 
oxygen atoms are reactive, special analytical 
methods exist. The oxygen in oxides can in 
some cases be determined as follows . nitrogen 
free from oxygen is passed over sulphur at 200"c 
and then over the oxide, heated to l,000°c The 
resulting sulphur dioxide is absorbed in potas- 
sium lodate-iodide mixture in acid solution, 
when it IS oxidised to the sulphate ion by the 
iodine. The remaining iodine is then titrated 
with sodium thiosulphate solution. The method 
lias been shown to give results within 0 7% in 
the case of zinc oxide, and from theoretical con- 
siderations it should work with a number of 
oxides. It does not apply, however, to sihcon, 
boron, aluminium, beryllium, or magnesium 
oxides (von VVaitenburg, Z. anorg. Chem 1943, 
261, IGl). 

Although oxygen is one of the most commonly 
occuiiing constituents of organic compounds, 
and altlioiigh methods for its direct determin- 
ation ha\ e been the subject of extonsiv e research, 
this clement is still most fioqucntly determined 
by dillerence. It is ajiparent that the methods 
so far made available lot its diiect determination 
are not wholly satisfaotoiy, lor if this w ere not 
the case, it is certain that they w ould have been 
moie widely applied m prcfeience to a deter- 
mination by dillerence The determination by 
dillerence places the sum of all thoerrois upon 
the oxygon value, and eliminates the possibility 
of chocking the analysis , the results become 
even more unsatisfactory with increasmgly com- 
plex molecules containing several elements A 
very largo number of papers have been pub- 
hshed, but no satisfactory method has yet been 
evolved. The subject has boon fully reviewed 
by Elving and Ligett (Chem, Rev. 1944, 34, 129) 
The methods so far proposed may bo classified 
as follows : 

1. Methods depending on complete oxidation, 
(a) Dry oxidation using an moigamc oxidising 
agent such as potassium chlorate, cupric oxide, 
sdvor lodato, or potassium dichromate. (b) Wet 
oxidation making use of silver lodate-sulphuric 
acid or potassium dichi ornate mixtures, (c) Com- 
bmatioii with a known volume of oxygen. This 
method has been extensively studied, and a 
microtechnique developed. Details of the 
apparatus are given by Kirncr (Ind, Eng. Chem. 
[Anal.], 1934, 6, 358) By this method carbon, 
hydrogen, and oxygen are determined simul- 
taneously with one piece of apparatus. 

2. Destructive chlorination resulting in the 
formation of carbon dioxide, carbon monoxide, 
and hydrogen cliloride, which can be determined 
by absorption. 

3. Methods depending on reduction, (a) The 
Meulen method of hydrogenation involv es three 
stages: (i) vapoiisation of the sample in a 
stream of hydrogen , (ii) pyrolysis of the com- 
pound m the presence of hydrogen at high 
temperatures , and (in) hydrogenation of these 
products m the presence of a nickel catalyst 
between 300°o. and 400°c. to convert all the 
oxygen mto water, which may be absorbed and 


to be most commonly employed. The hydro- 
genation step m which the reactions . 

C02+4H20 = CH4+2H20 
C0+3H2=CH4+H20 

take place can be carried out most satisfactorily 
on a thona-nickel catalyst between 300°c. and 
400°c. Sulphur tends to poison the catalyst, 
and hence it is necessary to remove any hydrogen 
sulphide by passing the gases leaving the crack- 
ing surface over nickel. The presence of halo- 
gens involves the use of special absorbents 
(b) The thermal decomposition of oxygen-con- 
taining compounds over carbon at l,000°c., with 
production of caibon monoxide and the subse- 
quent oxidation of this at room temperature 
with iodine pentoxide . 

6CO-b 6C02-i- 

The apparatus is simple and the method has 
several points to recommend it 

D. S. P 
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oxy-acetylene flame is being increasingly em- 
ployed for the descaling of steel billets. High- 
velocity flames from multi- jet burners are passed 
over the surface, causing a sudden thermal ex- 
pansion of the scale not tightly bonded, so that 
it cracks away from the base metal. The pro- 
cess 18 cleaner and more economical than the acid 
bath pickling process. 

Such burners are used for cleaning iron and 
steel surfaces prior to painting. Unbonded 
scale and other contaminants are removed, 
leaving a diy, warm surface to which paint 
adheres more tenaciously to form a coat which 
IS more resistant to coirosion. 

•Surface hardening of steel components (with 
caibon content above 0 3''’%), e g., worm wheels, 
sprockets, etc , is accomplished by heating 
locally with the oxy-acctyleno flame and im- 
mediately quenching This gives a hard mai- 
tensitic structure for the wearing surface of 
fiom -/g- in to 1% in deep The normal tough- 
ness and ductility of the metal at the core of the 
component is unaffected. 

The low temperature of liquid oxygen is used 
for the cold treatment of certain tool steels, 
after the normal heat treatment It has been 
found that controlled coolmg of the steel confers 
upon it desirable properties 

The contraction of metal parts effected by 
immersion in liqmd oxygen is utilised m “ shrink 
fitting,” c g.y cylinder linings of an internal com- 
bustion engine, after coolmg, can be readily 
inserted in their housmgs, to become a tight fit 
at atmospheric temperature. 

In recent years the use of oxygen for the cut- 
ting of steel has been extended by the “ desea ni- 
ing ” or “ desurfacing ” process. In semi- 
finished steel, t.e., in bars, billets, blooms, slabs, 
or plate, defects usually occur on the surface due 
to blowholes near the surface of the mgot, or to 
the roUing-m of scale, etc. In hght billets 
(4 in. X 4 m. or smaller) these defects are seldom 
more than J^-in. deep. Before 1929 such flaws 
were removed generally by either grmdmg or 
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chipping with pneumatic hammers, to avoid a ing on the depth of cut, the carbon content of 
defective finished product. At about that time the steel, composition of steel if an alloy, etc. 
a more economical method was perfected, where- When the machine is in operation, therefore, the 
in sufficient of the steel in the actual vicinity of rate of consumption of oxygen is very high ; 
the defect was burnt out by oxygen, the groove suitable largo supplies of the gas are readily 
thus formed being of such shape that the stool provided by the “ cold evaporator.’ 
could be satisfactorily rolled subsequently. At The cold evaporator (Fig 1) is essentially a 
first, hand-operated torches were used, mainly storage tank constructed for working pressures 
on cold metal, because of the difficulty of locating up to 300 lb. per sq. in., provided with means 
defects on hot metal Then machines were con- for controlled discharge of its contents against 
structed (in America) for skinning cold metal pressures varying up to the maximum, and 
and, ultimately, in the interests of economy, for having safety devices and measuring arrange- 
completely skinning hot metal between actual ments. It consists of a two-piece bronze 
rollmg operations at the mill. Up to depth sphere A formmg the pressure vessel, usually 
of metal is cut away from each surface (two or with a centre-bolted joint A thin copper 
four simultaneously) by these machines, which lining, B, concentric with the sphere and open 
incorporate stationary groups of torches past at the top, is supported out of contact with the 
which the hot steel is made to move at speeds sphere by asbestos strips ; it is the liquid oxygen 
varying from 75 to 175 ft. per mm. From contamer proper, and permits filling with the 
2 75 to 4 5 cii. ft. of oxygen are required for minimum loss by evaporation, even when the 
each square foot of steel desurfaced, depend- massive pressure vessel is in the warm condition. 
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It holds the equivalent of 30,000-47,000 cu ft the last ten years, especially in areas where 
of gas. It IS heat-insulated by a layer of steelworks are located, and where large quanti- 
powdered magnesium carbonate, and suspended ties of gas are used at the individual works 
by chains c from the outer casing. About eight times as much oxygon can bo carried 

Liquid 18 forced from the evaporator, by gas as liquid as could be sent m cylinders on a lorry 
presimre, through a coil immersed in water (not of the same capacity, and such economy m 
shown) By a system of control valves the transport becomes of vital importance, 
evaporator can bo operated to suit various work- Considerable progress has been made in 
ing conditions, the evaporation rate and pres- Germany in the development of processes to 
sure can be varied as required, to suit the permit the continuous gasification of solid fuels, 
particular demands on the supply hne. The gas to avoid the intermittent nature of the well- 
pressure over the liquid in the evaporator can known water-gas plants. This has been possible 
be increased by returning the evaporated gas because the low cost of oxygen produced by 
from the water heater to the evaporator, large gas plants incorporating the Frankl cold 
through pipes, D, immersed m the liquid oxygen, regenerator (v, this Vol., p. 188^). 

Gas storage vessels are included to receive the For the continuous gasification of solid fuel, 
gas arising durmg shut-down periods, eg., during oxygen is admixed with the steam-blast to 
week-ends, and for providing a supply of gas maintam the fuel-bed temperature sufficiently 
whilst the evaporator is being filled with liquid high to allow the water-gas reaction to proceed 
oxygen, thus ensurmg continuous operation. without interruption. In the Winkler producer 
The proportion of oxygen supplied to mdustry pulverised fuel is used, and the blast is so 
ill the liquid state has steadily increased during adjusted that the fuel bed is constantly agitated 
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to ensure extreme intimacy of contact between 
the gases and the fuel. The Lurgi producer 
operates under pressure, up to 20 atm , and 
yields a gas having a good calorific value (about 
500 B.Th.U. per cu ft.), making it suitable as 
town gas, and also a carbon monoxide hydrogen 
ratio of 1.2, making it suitable as s;ynthc8is gas 
(c g , for methanol and liquid fuel). 

In Russia the gasification of coal is being 
carried out underground m the seam. In the 
first instance two inclined shafts were driven 
down to the coal seams, the shafts being con- 
nected by a horizontal working An air blast 
(sometimes enriched in oxygen and sometimes 
containing steam) is forced underground fiom 
the surface along one of the inclined shafts, and 
the gas generated by its action on the white- 
hot coal IS forced to the surface through the 
second shaft. More recently a number of bore- 
holes were merely drilled down to the coal seam, 
and connected underground, all the woik being 
conducted from the suifaco 

In Belgium, where coal scams are too thin to 
be worked economically, it is planned to apply 
the same process, to gasify the fuel in situ by in- 
jecting a mixture of oxygen, steam, and carbon 
dioxide 

Finally, the V2 long-range rocket is of interest 
because of its enormous rate of consumption of 
oxygen. The thrust driving the rocket is pro- 
vided by a jet of very high-velocity gas issuing 
from the nozzle of a combustion chamber. The 
gas 18 the product of the combustion of alcohol 
in oxygon Five tons of liquid oxygon are 
carried on the rocket, and the whole of it is 
consumed in the first minute of the rocket’s 
flight — 130,000 cu ft. of gas in one minute’ 

C. R H 
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oxygen industry was undoubtedly founded in 
1880, when the British Oxygen Company was 
established as the Brins Oxygen Company to 
take over a process for the production of oxygon, 
patented by two French brothers whose name 
was adopted as the title of the Company, The 
Brin process was based on Boussingault’s dis- 
covery in 1851, that at a temperature of about 
640°c. the monoxide of barium would absorb 
oxygen readily from the air with the formation 
of the dioxide, and that at a higher temperature 
(about 870°c ) the oxygen thus absorbed would 
be given oft again, and the barium restored to 
the monoxide condition ready for the cycle to be 
repeated. The great loss of time and difficulties 
involved in the alternate heating and cooling of 
the barium oxide, however, rendered the process 
far from economic It became an established 
success when the operations of oxidation and 
deoxidation were can led out at one temperature 
(660°c ), being governed by variation m the gas 
pressure about the barium oxide, in plant 
rendered automatic by K. S. Murray. 

The process was exclusively employed by the 
British Oxygon Company for nearly 20 years m 
their London, Birmingham, Manchester, and 
Glasgow factories, and a considerable number of 
plants, varying m^capacity from 6,000 to 30,000 
cu. ft. of oxygen per day, were also erected by 
them to provide oxygen for industrial appli- 
cations. 


Liquefaction of Air. — ^Meanwhile Carl Linde 
was working out a totally different method of ex- 
tracting oxygon from the air, a method destined 
ultimately to supersede the barium-oxide pro- 
cess. In May, 1895, a machine was set going in 
the laboratory of the Gesellschaft fur Linde’s 
Eismaschinen near Munich, by which it was 
possible to liquefy several litres of air per hour 
Half a ccntuiy earlier, Thomson and Joule had 
demonstrated experimentally that some gases 
become cooled when expanded without genera- 
tion of mechanical energy, merely as a conse- 
quence of internal work done by the molecules. 
At pressures of from 1-0 atm , and temperature 
of O'^c to about lOO 'c , air was found to suffer a 
cooling of about 0 2r>°c for each atmosphere 
drop in prcssuie If the mitial pressure of the 
air were raised to 200 atm , the drop in tempera- 
ture on expansion amounted to about 40°c. It 
occurred to Linde that if the cold expanded air 
could bo made to cool the compressed air before 
expansion, the temperature after expansion 
should fall lower and lower until liquefaction 
should ensue By combining nozzle expansion 
with a counter- current heat exchanger, there- 
fore, success was achieved and air could readily 
be reduced to the liquid state on a commercial 
scale (v also Liquefaction of Gases, Vol. VII, 
333a) 

The cooling effect by nozzle expansion can be 
considerably increased if the compressed air is 
pre-cooled before enteiing the mam interchanger, 
and before expansion, by means of an ordinary 
refrigerating machine (ammonia machme), which 
operates relatively very cheaply For example, 
if the air is pre-cooled to — 30“c , the increase 
amounts to about 27%. Also, a considerable 
economy in power expenditure can be achieved 
by effecting a partial expansion only of the air, 
from a higher to a lower pressure Thus, if we 
consider expansion from 100 atm. to 10 atm , 
the cooling effect, being nearly proportional to 
the drop in pressure, is nearly ten times what it 
would be by expansion from 10 atm to 1 atm. 
On the other hand, the energy required for com- 
pression from 1 atm to 10 atm , and from 10 atm 
to 100 atm 18 the same, since the energy required 
vanes as the logarithm of the ratio of the pres- 
sures These features were incorporated in 
Linde’s earliest air- liquefaction plants 

The first cylmder of a two-stage compressor 
sucks in and compresses air to a pressure of 
20-50 atm. The second cylmder raises the 
pressure from this to about 200 atm. The high- 
pressure air flows through the inner pipe of a 
threefold coil to the expansion valve a, thereby 
being pro- cooled by the air leaving the apparatus 
in counter-current Being expanded, part of the 
air liquefies, while the unhquefied part at 20- 
60 atm. goes back to the compressor through the 
middle pipe of the coil, entermg at mto the 
connecting pipe between the first and second 
stages. The liquid produced flows through valve 
B, into the vessel o, from which it can be drawn 
off. The air resulting from the expansion at b 
leaves the apparatus through the outer pipe of 
the counter-current coil. The first-stage cylinder, 
therefore, has only to compress that amount of 
air which is taken from the apparatus in the 
liquid state, plus a certain quantity necessary to 
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cover losses through evaporation, leakage, etc. 
The air coming from the compressor is pre-cooled 
in the coil G immersed in a freezme mixture (see 
Fig. 1). 

In March, 1896, a useful laboratory apparatus, 
the “ Hampson hquefier” (v. Vol. VII, 339a) 
was produced by the Brins Oxygen Company. 

Separation of Oxygen from Liquid Air — 
Parkinson had made the suggestion in 1892 
that the oxygen and nitrogen in their liquid 
mixtures might be separated by utilismg their 
different boiling points. By fractional evapora- 
tion Linde effected a partial separation, and put 
on the market the so-called “ J^inde air,” con- 
taining about 50% of oxygen He obtained this 
by evaporatmg liquid air in a vessel a (Fig 2) 
The vapours flowed out through the counter- 
current mterchangcr b, passing firstly to atmo- 
sphere through cock c. When the liquid had 


evaporated so far that the vapours contained the 
desired percentage of oxygen, cock o was closed 
and D opened to conduct the gas mixture to the 
gasholder. The evaporation of the liquid was 
effected by the condensation of compressed air 
in a system of tubes E immersed in the liquid, the 
condensate collecting in F The necessary heat 
was supplied by the condensing air itself. When 
A was empty, F was full. The liquid air in F was 
then passed into a via valve o, and the process 
repeated. By fractional evaporation, however, 
high purity oxygen could not bo obtaineii 
economically, since too much oxygen was carried 
away with the more volatile nitrogen 
Linde Process , — It soon became clear that 
the demands of industry could only bo mot by 
oxygen of higher purity Linde therefore 
directed his energies to this goal In February, 
1902, he put forward his solution of the problem 
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by means of rectification. The combination of 
essential features consists m (i) effecting the cool- 
ing of the compressed air to be hquofied by 
causing it to flow in counter- current to the cold 
products of evaporation, (ii) causing the cooled 
compressed air to transmit its heat of hque- 
faction to evaporating hquid (liquid oxygen 
when the plant is m equilibrium), and then (iii) 
causing the vapours produced in the distilling 
vessel (oxygen) to flow upwards through hquid 
flowmg downwards in a rectification column 
Other hquid mixtures, e.g., alcohol and water, 
had previously been separated by rectification, 
but the apphcation of the process to mixtures of 
liquid oxygen and liquid nitrogen was far more 
difficult, owing to the volatihty of the liquids, 
and the low temperatures at which the process 
had to be earned out. 


Since liquid air was introduced to the top of 
the rectification column, and since liquid air is 
in equilibrium with a gas containing 7% of 
oxygen, the gas mixture issuing from the top 
of the column contained at least 7% of oxygon, 
and about two-thirds only of the oxygen could 
be extracted from the treated air. 

The type of apparatus represented by Fig. 3 
made its appearance in 1903. The interchanger 
consisted of coiled copper pipes, five pipes of 
smaller boro passing through one of larger bore. 
Compressed air entermg at i, after being cooled 
in the interchange a, was hquefied, while still 
under pressure, in the coil D immersed in liquid 
oxygen m the bath o at the base of the rectifi- 
cation column B. It was then expanded through 
valve F into the top of the column. Liquid air 
so introduced at a temperature of about — 194°c, 
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m passing downwards through transversely dis- 
posed perforated metal plates, Vas brought mto 
contact with vapours rising upwards m the 
column. These vapours were of nearly pure 
oxygen at the base of the column, arising from 
the liquid oxygen boiling in c, at a temperature 
of about — 183‘^'c Now a liquid mixture of a 
( ortain composition is in equilibrium with a gas 
mixture having a different composition, and 
always containing more nitrogen. The rising 
vapours, therefore, encountered liquids having a 
lower temperature and differing in composition 
from the liquids with which they could be m 
equilibrium. The vapours were warmer and 
richer m oxygen than equilibrium conditions 
reciuired Oxygen vapour therefore progressively 

I c 



liquefied, and nitrogen liquid evaporated in the 
effort to attain equilibrium, with the net result 
that nearly pure oxygen collected at the bottom, 
whilst a \npour very rich in nitrogen passed oS 
at the top. A certain quantity of oxygen gas 
could be drawn off through the mtorchangcr to 
the gasholdei 

Claude Process — Meanwhile, ^'laiido had been 
striving to produce liquid air by expanding com- 
pressed air in an engme, with production of 
external work. Several w'orkers had failed pre- 
viously to overcome the difficulty of lubrication 
of the piston at low temperature. In May, 1902, 
Claude achieved success by using light petroleum 
in admixture with cybnder oil as lubricant until 
the temperature had dropped sufficiently for 
liquid air formation in the cyhnder, whereafter 


such liquid air was sufficient in itself for lubri- 
cation Since the w^ork obtainable from a com- 
pressed gas diminishes with fall in temperature, 
it was necessary to maintain the temperature of 
the air entering the engine as high as possible 
To this end a second heat interchanger w^as in- 
corporated in the system, w'horem the heat of 
liquefaction of a part of the compressed air was 
transmitted to the expanded air, which was thus 



unable to (*ool the feed to the engine to so low a 
tempciature. 

As indicated in Fig 4 the whole of the air feed 
passed through interchanger M; part of it was 
expanded m the engine n, and then returned 
through mteri’hanger L, m counter-current wuth 
the lemaindcr of the compressed air, finally to 
pass out tlirough the interchanger M. 



Claude coupled the expansion engine to a rectifi- 
cation column, and obtained oxygen by a pro- 
cess similar to that of Linde’s, introducing at the 
same time, however, ah improvement which he 
named the “ ret our en arri^re.” Instead of 
liquefying the compressed air as such, it was 
divided into two liquids on liquefaction, one 
contaming practically the whole of the oxygen 
(rich liquid, with about 40% oxygen) and the 
other contaimng very little oxygen (poor liquid). 
The poor liquid, introduced at the tPp of the 
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rectification column, could more effectively wash 
out the oxygen from ascending gases than could 
the liquid air of Linde’s process, and conse- 
quently more than two-thirds of the oxygen m 
the treated air could be recovered. 

The cooled compressed air enters at A (Fig 5), 
at a pressure of about 4 atm , and rises up the 
inner tubes b of the condenser. About half of 
the air is liquefied, and the liquid falls down- 
wards in the tubes in counter-current to the 
rising vapours In so doing it strives to attain 
equilibrium wuth the latter, and its oxygen con- 
tent piogressively increases, wuth the result that 
a liquid containing about 40% of oxygen col- 
lects in A, and is delivcied to a suitable point m 
the rectification column The uncondensed 
vapours, very rich in nitrogen, leave the upper 
ends of the tubes b, and are completely liquefied 
m the outer tubes c, forming the poor liquid 
which IS admitted to the top of the column. 

Linde Double Column — About 1910, Linde 
went a step further, and substituted a pressure 
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rectification column for the “ retour on arri^re ” 
contrivan{e, and construe ted the first “ double- 
column ” plant The rich and poor liquids were 
formed from the treated air in the lower pressure 
column, and the final rectification w'as carried 
out in the upper column By this method the 
poor liquid was made still poorer in oxygen, and 
the separated oxygen and nitrogen obtained in 
greater purity and yield. The cooled com- 
pressed air from the heat inter changer is liquefied 
in a coil A (Fig 6) immersed in the liquid bath at 
the base of the pressure column b, and after 
expansion at valve c is admitted to about the 
middle of the pressure column. It flows down 
the column from plate to plate, to the bath at the 
bottom , vapours rising from the liquid boiling 
there pass upwards through the plates, and by 
the time they reach the condenser tubes d at the 
top, consist of practically pure nitrogen. The 
pressure existing in the lower column is suffi- 
ciently high (about 6 atm. absolute) to allow 
these nitrogen vapours to condense m the tubes, 
which are cooled on the outside by liquid oxygen 
boilmg at sbghtly above atmospheric pressure. 


About half of the liquid nitrogen so produced 
flows backwards down the pressure column, for 
the purpose of washing oxygen from the rising 
vapours, whilst the other half is expanded into 
the top of the upper column through valve B. 
The liquid collecting at the bottom of th© pres- 
sure column has about 40% of oxygon, and is 
sent to a suitable point in the upper column. 
The final rectification takes place in the upper 
column. Pure liquid oxygen collects at the 
bottom thereof, and about one-fifth of the 
vapours arising from this boiling liquid are con- 
ducted away by f, through a heat intorchanger, 
to constitute the output from the plant. 

Heylandt Process — A modification of the 
Claude air liquefaction system was introduced 
by Heylandt about 1913 Pait of tho com- 
pressed air feed at 200 atm , without any pre- 
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cooling, was admitted diicctly to an expansion 
machine b (Fig. 7) and expanded in one stage to 
approximately atmospheric pressure, returning 
through intorchanger A. The remainder of the 
compressed air w^as cooled in interchangers a and 
B before nozzle expansion at c. He found that 
the engine could be fitted with piston rings and 
lubricated with oil without trouble, since the 
continuous introduction of warm air sufficed to 
prevent tho cylinder walls from becoming too 
cold. The modification was useful for liquid air 
production, though not for gaseous oxygen. For 
liquid oxygen production, however, it has been 
successfully developed, as mentioned later. 

The double column and “ retour en arri^re ” 
types of plant were both used for many years for 
gaseous oxygen production, yielding oxygen of 
about 98*5% quality. Similar plants could yield 
nitrogen having a punty of 99*6-99*8%. 
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Oxygen Purity. — In 192.3 efforts wore being 
made to raise the purity of the oxygen by im- 
proving the efficiency of the rectification ( olumns 
Better contact between liquid and vapour was 
sought by different construction of the rectifi- 
cation plates. These efforts were encouraged by 
the recognition of the fact that very pure oxygen 
was advantageous in the cutting of iron, the 
major application of industrial oxygen A cleaner 
cut was obtainable with a smaller consumption of 
oxygen. Low quality gas revealed itself in the 
roughness of the lower section of the kerf, and 
also by a fringe of partly burned metal on the 
lower edge, where the final severance of the plate 
took place Argon, the main impurity in the 
gas, took no part in the chemical action w ith the 
iron, and consequently increased in concentra- 
tion as the jet descended the kerf To-day, 



plants of the double column typo can yield 
about 96% of the oxygen in the treated air at a 
purity of 99 6%, or nitrogen containing con- 
siderably less than 0 1% of oxygen. From such 
plants it 18 possible, by carofiU adjustment, to 
obtain 99% oxygen and 99% nitrogen simul- 
taneously. It 18 difficult, however, to maintam 
the exact adjustment. The regulation can be 
facilitated, and both nitrogen and oxygen of 
high quality can be obtained simultaneously, if 
a quantity of vapour (about 10% of the air feed), 
rich in argon, is withdrawn from the upper 
rectification column at a suitable level. An out- 
let 18 thus prtivided for the greater part of the 
argon introduced with the air (0*93%), the 
presence of which renders difficult the main 
rectification process. 

Since a pressure rectification column produces 
pure liquid nitrogen more readily than the 


“ retour an arricro ” system, the latter has been 
abandoned and the expansion engmes of Claude 
plants have been coupled to double columns in 
recent years. 

Industrial Oxygen. — In recent years the 
trend has been to distribute oxygen in the Injuid 
form Largo quantities of the liquid are to-day 
sent from the production centre to the user's 
works, there to be converted into gas under 
pressure 

For plants to produce gaseous oxygen it is only 
necessary to produce sufficient cold to counter- 
act unavoidable infiux of heat to the system 
through the lagging and via the imperfect heat 
intcrchangcrs. In the case of plants relying 
upon nozzle expansion, it is possible to lower 
considerably the starting pressure once running 
conditions have been obtained. When the oxy- 
gen IS to bo withdrawn as a liquid, however, the 
much greater cold represented by the lower 
temperature of the liquid ( — 183°c ) has also to 
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be prodiK'ed Linde plants can be made, with- 
out modification, to yield a pait of the oxygen 
in the liquid form, by maintaming the air 
prcvssuie suitably high. 

Liquid Oxygen Plants. — Better yields of 
liquKl oxygon can be obtained, however, by 
expansion with external work in an engine 
An early type of plant developed by L’Air 
Lupiide usefully combined the two methods 
of expansion All the air was compressed to 
200 atm , and nozzle-expanded at a (Fig. 8) 
to about 3 atm , into a simple rectification 
column B w^orkmg at this pressure The gases 
issuing from the column, still under this 
pressure, and after being heated by passage 
through interchanger c, are expanded in an 
engine B down to atmosphorio pressure with 
production of external wnrk, being capable then 
of pre-cooling the compressed air to about 
—50°c. in mtcrchanger f. Since the refrigerating 
effect, m the case of simple nozzle expansion, is 
nearly proportional to the difference of the 
pressures. expansi(m from 200 atm., to only 
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3 atm., will not result in any apprcciablo^ dimi- 
nution in the cooluig obtamed, but, on the 
other hand, expansion in an engme of the low 
pressure air at a relatively high temperature is 
very effective, providing a useful substitute for 
the Linde ammonia machine Liquid oxygen 
collecting at the base of the column b is cooled 
by passage through a coil immersed in liquid air 
at the top of the column before withdrawal at 
o m order to dimmish the loss by evaporation 
when the pressure is reduced. 

In the effort to obtain greater yields of liquid 
oxygen, other types of plant were produced by 
L’Air Liquide, employing compound expansion 
engines. The air, at 40 or 60 atm., after partial 
expansion, was reheated by passage through an 
interchanger in counter- current to unexpanded 
air, before a second expansion. About one half 
of the oxygen in the treated air could bo obtamed 
m the liquid form Such plants were built with 
outputs up to 80 litres of liquid oxygen per hour. 
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The extraction of substantially the whole of 
the oxygen in the treated air as a liquid 
demanded the apphcation of still higher pres- 
sures. Heylandt compresses the whole of the 
air to 200 atm. or more, and expands about 
60% of it, m an engine (b, Fig. 9), without any 
pre-coolmg, in one stage to about 6 atm , 
thereby lowering its temperature from about 
-|-15°c. to — 140°c. The expansion engine is 
coupled up to the compressor shaft, and con- 
tributes some 9% of the energy required to 
operate the compressor. The expanded air, at 
about 6 atm., is further cooled m interchanger b 
by nitrogen leavmg the upper column, and is 
then admitted to the base of the pressure 
column. 

The remainmg 40% of the compressed air at 
200 atm. is cooled m interchangers a and b by 
heat exchange m counter-current with the out- 
flowmg nitrogen, containing only 2-3% of 
oxygen, is completely liquefied in a coil c im- 
mersed in the liqmd bath at the base of the 


pressure column, and is then nozzle-expanded 
mto the same column at d. Liquid oxygen is 
drawn off with a purity of about 99*7%, and in 
quantity may amount to 470 litres per hour. 
Plants of the largest capacity yield 1 litre of 
liquid oxygon for about 1 kw.-hr. 

L’Air Liquide has contrived to extract m the 
hquid form substantially the whole of the oxygen 
in the treated air by a somewhat similar process. 
In this case the compressed air is supplied at 
160 atm., and the greater portion of it (four- 
fifths) expanded m an engine E (Fig 10) after 
being cooled to about — 30°c. Suffering a 
pressure drop of 135°c., it leaves the engine at 
about --165°o. at 4 atm. pressure, and passes 
directly to the pressure column a of the double- 
column rectification system. The remainder of 
the compressed air is further cooled and hquefied 
by the issuing nitrogen, to be then introduced at 
a suitable level b m the pressure column The 
expansion engine is coupled to a compressor 
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brake, a single stage machine operating in 
parallel with the third stage of the main com 
pressor, and is thus made to contribute some 
8% of the total energy required for air com 
pression Liquid oxygen is withdrawn at a 
minimum punty of 99 5%, and plants to yield 
300 htres per hour have been constructed, 
Such plants likewise yield 1 litre of liquid oxygen 
for about 1 kw.-hr. 

Oxygen Storage and Transportation.— 
Liquid oxygen plants were developed and 
pe^ected in the first instance to meet the 
demand created by the application of liquic 
oxygen to explosives. Much larger quantitie 
of the hquid later became necessary as a conse 
quence of the advent of a new method of trans 
porting and storing oxygon. Hitherto this hac 
been done mainly in the gaseous form in the well 
known steel cylinder, only a very small amouni 
bemg conveyed in the hquid form in meta 
vacuum vessels. The latter are spherical ii 
shape, generally made of spun copper, with long 
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narrow necks. The space between the walls is 
highly evacuated, preventing to a large extent 
access of heat to the liquid m the inner sphere by 
conduction and convection, whilst the walls of 
the space are highly polished to dimmish ingress 
of heat by radiation. Gases slowly leaking 
through the metal walls are absorbed by char- 
( oal placed in a receptacle in the vacuous space, 
in contact with the inner sphere. Charcoal has 
the remarkable property, discovered by Dewar 
in 1904, of very eflcctivcly removing gases at 
low pressures when cooled to the temperature of 
liquid oxygen Charging of the container with 
liquid, therefore, automatically brings this 
property into play, and ensures an excellent 
vacuum A container with a capacity of 25 litres 
loses per day about 5% of its full charge 

Construction difTicullies arise in the manu- 
facutre of containers on this principle to hold 
more than about 100 litres. However, the need 
for vacuum insulation disappears with largo 
vessels. Generally speaking, the rate at whuh 
heat enters the vessel, and hence the mass of 
liquid evaporated per unit time, is proportional 
to the surface of the vessel, while the mass of 
liquid that the vessel will hold is proportional to 
the volume Whereas the surface area is pro- 
portional to the square of the diameter, the 
\olume IS proportional to the cube of the dia- 
meter. Hence it follows that as the sphere 
increases in size, the fraction of the full charge 
of liquid oxygen evaporated in unit time becomes 
smaller. 

Heat-insulating materials like slag wool and 
magnesium carbonate can, in the case of large 
vessels, replace the vacuum jacket and yield a 
container with a quite small evaporation loss 
This can be further diminished by conducting 
the cold evaporated gas through a pipe coiled in 
the insulating material. Containeis having a 
capacity up to 12,000 litres have been con- 
structed, with hourly losses of liquid less than 
0 1% of the full charge Whereas the usual 
trade cylinder is some 10 times as heavy as the 
contained gaseous oxygen, the weight of a 
spherical container holding 3,000 litres of liquid 
oxygen is less than one-third of the w eight of the 
contained oxygen . 

Transport costs are considerably reduced 
therefore m the latter case , about 8 times as 
much oxygen can be sent as liquid as could be 
sent in cylinders on a lorry of the same capacity 
This method of distribution was developed 
mainly by Heylandt 

Liquid oxygen from the production plant is 
passed directly into a stoiage tank, of capacity 
up to 12,000 litres (about 350,000 cu ft of gas 
at IS'^c and 700 mm ), and is transfened as 
required to a transpoit tank, of capacity up to 
3,000 litres. For rapid evaporation at the place 
of consumption a warm evapoiator or a liquid 
oxygen pump is employed. 

The warm evaporator consists of a seamless 
steel high-pressure vessel, immersed in a water 
jacket, and provided with a separate thin -walled 
inner vessel of similar shape, but somewhat 
smaller, so that an annular space exists betw een 
the two vessels, with little or no metal contact 
between the two. A definite quantity of liquid 
oxygen is introduced into the inner vessel from 


the transport tank, the amount of liquid lost by 
evaporation during this operation being small 
.by reason of the small heat content of the light 
inner vessel. A plug is then inserted m the 
filling opening, and as heat passes from the water 
jacket across the metal walls and the gas space, 
so liquid oxygen is evaporated. The resulting 
gas gradually builds up pressure in the evaporator 
and connected storage vessels. As the pressure 
rises the influx of heat increases, due to increased 
convection effects in the gas space, and the 
evaporation is complete in one-half to two 
houis. In this period from 24 to 400 cu. m. 
of highly compressed gas are obtained, according 
to the size of the evaporator (Fig. 11). 

In the method operated by L’Air Liquide, the 
liquid 18 delivered from the transport tank by 
means of a pump, working in the cold liquid in a 
small auxiliary tank, wherein a constant level is 
maintamed, sufliciently high to immerse the 
pump The liquid oxygen delivered by the 
pump is evaporated in a number of copper coils 



immeised m water, and thereafter delivered to 
the storage vessels. The pumps are built wuth 
outputs of 150 and 300 cu. m of gas per hour 
For gradual evaporation, the liquid is stored 
111 a cold evaporator (v this Vol , p 181c), and 
evaporated according to requirements 
The Frank I Regenerator, — In recent years, 
developments of considerable importance have 
occurred m gaseous oxygen production, based 
on the introduction by Frankl of a more efiicient 
heat interchange dev ice. If the counter-current 
gases are at low pressure, it is possible to make 
veiy efficient mterchangers of the usual tubular 
typo only by inci easing the copper transfer 
surface, or by increasing the gas velocity , 
the first expedient increases the difficulty 
and cost of construction, whilst the latter in- 
creases the pow'er expenditure, smee greater 
velocity means greater power expenditure to 
overcome gas resistance. The Frankl mter- 
changer, or “ regenerator,” as it is called, 
consists of a cylmdiical vessel, 4-5 m. high, of 
suitable diameter, packed with layers of spirally 
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wound corrugated thin metal bands, about vapour and carbon dioxide can be tolerated in 
2 5 cm. wide. A very large contact surface is practically all the applications of oxygen, and 
thus provided in a relatively small space, with a thus it becomes unnecessary to provide special 
considerably reduced resistance to the passage air drying and purification equipment. Re- 
of gas. Such regenerators are easy to construct, generators are especially applicable to the pro- 
They are installed in pairs. While one of the duction of air enriched in oxygen ; they are not 
cold separated gases is being warmed by passage applicable to plants for the production of very 
out through one of the regenerators, ingoing pure oxygen, since each change-over necessarily 
warm air is being cooled by passage through the leads to a contammation of the oxygen by air. 
other ; after a period of 1-4 mmutes, the opera- They are suitable only for large plants, and for 
tion IS reversed ; the warm air is now sent oxygen qualities of 40-98 5%. 
through the regenerator which has just been The increased efficiency of regenerators enables 
cooled by separated gas, etc , the process thus a plant to be run with an expansion engine fed 
being intermittent. In the case of air with two with very low pressure air. With their aid it is 
separated products, two pairs of regenerators possible to send part of the feed directly into the 
would need to be mstalled. Water vapour and top column at the very low pressure obtaining 
carbon dioxide are deposited from the air feed there, and without any previous separation of its 
as solids on the regenerator packing, and are constituents. Hitherto, it was not possible to 
removed again as vapours by the outgoing gas, construct suitably efficient tubular mter- 
such removal being facilitated by the greater changers for such lo\v pressures. All the air is 
volume of the latter as compared with tliat of compressed to about 4 atm , and 80% of it is 
the ingoing compressed air Traces of watei expanded in a turbine to the upper column 
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pressure, developing thereby sufficient cold for through regenerators a, a' (Fig 13), in a bath o 
the process. of impure oxygon having a lower teraperatuie 

Several largo plants have recently been built than pure liquid oxygen. The remainder of the 
based on a variation of this last process About air is merely boosted through regeiioratois b, b', 
96% of the air feed is compressed to about and introduced directly into the single column o. 
4 3 atm., cooled in legeneratois a, b, or a', b' In this case cold losses are made up by a separate 
(Fig 12), and admitted to the pressure column c. supply of liquid air at E. Less power expendi- 
To produce the necessary cold, nitrogen at ture is needed to produce enriched air by this 
4 3 atm. is taken from the summit of the con- method, than by separating out substantially 
denser D, in quantity approximating to 20% of pure oxygen, and then mixing it with air. 
the total air feed, heated somewhat in inter- Oxygen by Electrolysis. — Some of the 
changer e, and expanded in a high-speed turbine oxygen used industrially arises as a by-product 
almost to atmospheric pressure. The greater in the manufacture of hydrogen by electrolysis, 
part of the expanded nitrogen returns directly The t\\entieth century has witnessed a gieat 
through the regenerators, a small amount pass- development m the use of hydrogen industrially 
ing through interchanger f. In interchangers e for such purposes as ammonia synthesis, oil 
and F IS hquefied the remammg 4% of the air and fat hardening, liciuefaction of sohd fuels, 
feed, supphed at about 120 atm. The quality etc. Where cheap water power has been 
of the oxygen obtained is about 98 6%. available hydrogen produced olectrolytically 

Agam, if air enriched in oxygen (45%) is has been able to enter this field, stimulating 
required, it becomes necessary to compress part efforts to build more perfect electrolysers. The 
of the air feed (about one-third) to only 1 5 atm. purity of electrolytic gases is exceptionally high, 
instead of 4 atm , smee the lower pressure Modem plants yield hydrogen over 99*9% 
suffices to effect its hquefaction after passage pure, and oxygen 99*8% pure, direct from the 
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eicctrolyser. Earlier plants weic sometimes sup- 
plied with purifiers, wherein the gases were 
passed over platinised asbestos or palladium 
pumice at an elevated temperature Moreover, 
the hydrogen is free from catalyst poisoning im- 
purities like carbon monoxide, a feature of con- 
siderable importance in some applications. For 
this reason numerous small electrolytic plants 
have been installed where water power has not 
been available. 

Generally, the oxygen from the larger plants 
18 discharged to the atmosphere. In some cases 
it 18 used, eg , for oxidising synthesised am- 
monia. 

The lowest voltage at which a permanent 
current may be passed through w'ater is in the 
neighbourhood of 1 7 v., and this determines the 
minimum possible energy expenditure. This 
efficiency cannot bo attained in practice, how- 
ever, as the resistance of the electrolyte and the 
rcHistanco duo to the presence of a diaphragm 
necessitate an in(reasc in the voltage. The 
principle aims in the design of (‘Icctrolytic cells 
have been to olitain tho lowest possible resist- 


ance, to prevent inter mixing of the gases, to 
prevent corrosion of the component parts and to 
dimmish the floor space occupied by the plant 

Tho resistance of the electrolyte has been 
reduced as much as possible by employmg solu- 
tions having maximum conductivity. Sodium 
hydroxide (about 20%), potassium hydroxide 
(20-30%), and sulphuric acid have been used — 
the last no longer since corrosion difficulties 
have been too serious Smeo the resistance of 
tho electrolyte dimimshes with rise in tempera- 
ture, its temperature is maintained at from 40° 
to 80°c. The heat developed by tho resistance 
of the electrolyte is sufficient for this purpose, 
if the current density is suitably high ; indeed, 
i\ith very high current-densities, the tempera- 
ture of the electrolyte is prevented from rismg 
above 80°c by water coohng Tho path of tho 
current through the electrolyte from electrode 
to electrode is maintained as short as possible 
by arranging tho electrode surfaces as close 
together as possible. 

Inter-inixing of the gases is usually prevented 
by ai ranging a diaphragm of asbestos cloth. 
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sheet iron, or nickel between tho electrodes 
Corrosion of the iron anode has been prevented 
by co\eiing the surface with nickel, preferably 
in tho matt condition. Floor space has been 
conserved by increasing current density per 
unit of electrode aiea, and by adopting the filter 
press construction. 

The first practical applications of tho elec- 
trolytic decomposition of water date back about 
60 years. D’ Arsoiw al produced ox^ gen for 
physiological purposes on a laboratory scale in 
1886 The first large-scale apparatus was con- 
structed, it seems, about 1886 by Latchinoff, who 
used iron electrodes in caustic soda solution with 
asbestos cloth diaphragms. 

In 1892 Garuti produced a t}pe of cell in which 
a number of flat sheet-iron electrodes were 
disposed veiticalJy in a tank, alternately positive 
and negative, and close together. In place of 
asbestos, sheet-iron diaphragms were used, 
arranged as gas collecting bells over tho 
cathodes , it v as discovered that if the voltage 
between the electrodes was less than double the 
decomposition value for water, 1 e , less than 


about 3 v., the metal diaphragm ’would not act 
as an electrode Tho diaphragm was later per- 
forateil below tho electrolyte level, with the 
object of diminishing the resistance. Any 
number of electrotles could be placed in a tank, 
alternate anodes and cathodes being connected 
up in parallel 

In 1899 Schmidt introduced an essentially 
different construction. Iron plate electrodes, 
recessed on each side, were clamped together in 
tho manner of a filter press, being separated from 
each other by an asbestos diaphragm and in- 
sulating joints The electrodes were bipolar in 
this arrangement, current entering at one end 
of tho press and passing from electrode to elec- 
trode throughout the length of the battery. 
Hydrogen was evolved on one face of each elec- 
tiode, and oxygen on the other. The gases were 
led away through channels similar to those used 
m filter-press practice for the discharge of the 
filtrate. The number of cells per imit range from 
30, requinng 70 v., to 130, requiring 300 v. 

Schoop (1900) devised an electrolyser having 
eleclrodes surrounded by non-porous, non- 
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conducting diaphragms. A cylmdrical cell con- 
tained two anodes and two cathodes, the elec- 
trodes consisting of metal tubes, each surrounded 
by a clay or glass tube The gases \^ere con- 
ducted away through the tubular electiodes 
With aqueous sulphuric acid as electrolyte a lead 
tank and electrode were used, with alkaline 
electrolytes iron was the metal used 

Siemons-Schuckert developed a modification 
of the Garuti cell Instead of one built up col- 
lecting bell, they made separate bells covei ing each 
electrode, “ U ” shape in jilcin, eliminating the 
danger of gas mixmg through defects in the built 
up bell ; and by shortening the electrodes, did 
away with the intervening diaphragms The 
bells weie kept apart by strips of insulating 
material The leads were brought in to the 
electrodes through insulators in the top of the 
bells Loss of heat by radiation was diminished 
by placmg each tank m a box of sand 

Modem Electrolysers. — Knowles impioxed 
on the Seluickert cell and the essential points 
of his design remain uru hanged in his plants 
to-day Ills fiist plant was installed at Brom- 
broiigh, England, m 1912. It comprised 200 
cells, each taking 3,000 amperes, and was foi 
many years the world’s largest installation 
The largest of lirs many plants installed to 
date will, when completed, produce »5,000 
cum of hydrogen per houi, and, of course, 
half this amount of oxygen, with a ])ower con- 
sumption of 24,000 kw -hr The upper part of 
each sheet-iron electrode is covei cd fiy a sheet- 
iron collecting bell, and the low'er pait of each 
alternate electrode is surioundcd by an asbestos 
petticoat or diaphragm, open at its lower end 
All the bells in one tank aie connected rigidly 
together, and may be lifted from the tank com- 
plete with their connections A skirting surround- 
ing the entire block of bells forms a stand on 
which it may icst when removed fiom the tank 

In America a cell has been developed, with the 
object of retaining some of the great economy of 
floor space afforded by the filter press type A 
battery of flat cells of the Inteinational Oxygen 
Oompany has the appearance of a filter press 
installation , but each cell is independent, and 
each has its own feed and discharge devices 
Each cell consists of a thin rectangular fiame of 
cast iron, to vxhich two cast-iron plate electrodes 
are bolted, being separated into anode and 
cathode compirtmonts by an asbestos dia- 
phragm (36 in 43 in ) The inner surface of 
the electrodes have numerous projections to 
faiilitate the (Miculation of electrolyte and the 
liberation of tlie gases. 

The I.(evin cell is somewhat .similar, but is 
divided into three compartments by two asbestos 
diaphragms, the central compartment containing 
the cathode and each outside compartment an 
anode 

In addition to the above, several other designs 
of the tank and bell type of eleetrolyser, with 
unipolar electrodes, have been constructed 

ITp to 1925, all larger installations were fitted 
with the tank-and-bell type of eleetrolyser. 
After 1925, how'over, the filter press typo came I 
agam into favour in the form of the Pcchkranz 
eleetrolyser and was widely installed in large 
plants. The largest plant in the world, using 
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65,000 kw , in Norway (Norsk Hydro), was 
ecjuipped with these electrolysers 

A unit consisted of 80-120 bipolar circular 
(originally rectangulai ) plate electrodes, nickel 
plated on the anode side, 1 8 metres in diameter, 
pressed together by strong bolts between two 
cast-iron end plates. The electrodes were 
separated by, and insulated from, a diaphagm 
consisting of a thin finely perforated nickel 
plate, having 1,200 holes per sq cm — the whole 
forming a self-con tamed battery. The eloc- 
tiolyto was a solution of potassium hydioxide 
w'orking at a tern peratui e of 65-80°c The energy 
consumption of such a set v\as about 500 kw , 
the output about 90 cu.m pei hr (at 20'^c and 
760 mm ), i c , about 5 5 kw’-hr per cu.m 

Since 1929 a further improvcil filter-press elec- 
trolyser, the Bamag, has bcfome increasingly 
adopted, in some instances replacing those of the 
Pcchkranz type. Auxiliary electrodes are ar- 
ranged, one on each side of each main electrode, 
the internal resistance of the toll being thereby 
ictliiced, so that the electrodes can carry a largo 
specific current loatl without making the cell 
voltage uneconomical One stj m of electrode 
surface can bo loaded up to 2,500 amperes with 
the cell V oltage not exceeding 2 2. Cells of other 
types cannot take more than 1,000 amperes per 
s(| m for the same voltage A woven asbestos 
cloth 18 used for the diaphrams Some of the 
asbc‘sto8 threads have a thm core of nickel steel, 
a feature w^hich endows the cloth with great 
mechanical strength and long life. Bamag oloc- 
trolyscrs are built for outputs ranging up to 
500 cu m. per hour from a single battery. A 
battery of 160 cells takes 7,600 amperes at a 
voltage of 350. 

High-Pressure Electrolysis. — In 1928, Dr 
Noeggerath made available information relating 
to the development of a cell m which high 
pressures were developed and iiiiiintainod during 
normal opeiation — up to 200 atm Advantages 
claimed wcie a diminution in gas storage space, 
elimination of compressors and cost of comjires- 
81011 where the gases w'ere to bo used at high 
prcssuie, and a very efficient electrolysis from 
the point of view of power expenditure It 
appears that a Noeggerath high-pressure cell has 
been working satisfactorily in Germany. In 
1937 a pressure eleetrolyser was m operation 
near Gelsenkirohon, Germany, deliveiing hydro- 
gen at 150 atm. It was on a semi-commercial 
scale, producing 4CK^ cu. ft. of hydrogen per 
hour. An ingenious automatic control system 
was incorporated to guard against accidental 
mixture of the compressed hydrogen and 
oxygen No appreciable economy in power con- 
sumption was indicated, and the ever-present 
risk of explosion is likely to militate against the 
adoption of the process. 

CRH 

OXYHAEMOGLOBIN {v. Vol. H, hb , 
VI, 164d, 165c, 166a, c). 

“ OXYLIQUIT ” (V. Vol. IV, 646a) 

OXYNARCOTINE (v. Opium, this Vol, 
p. 113). 

OXYPHLOROGLUCINOL (v. Phenol 
AND Homolooues, this Vol., p. 460rf). 

OZOKERITE. A natural mineral wax (?> 
Vol. II, 606d), colourless to white when pure, but 
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usually dark yellow or brown, often with a leek- 
green opalescence. It is probably derived from 
the polymenaation of paraffin-base petroleum, 
and IS mined in Polish Oalicia and formerly m 
Utah. In Galicia, ozokerite occurs squeezed up 
into fractures, so as to form \cin-like bodies 
which arc worked by shafts and galleries It is 
used chiefly for the manufacture of wax candles 
and petrolatum, for electrical insulation, and 
for waterproofing From a production of nearly 
1,000 tons in 1930 the production of ozokerite in 
Poland declined to less than 400 tons in 1935, 
when most of the output was sent to Germany 
for refining. 

1) W 

OZONE, O 3 . Molecular weight, 48 00 

Historical — In 1785, 11 years aftei the dis- 
covery of oxygen by J*riestley, Van Maium diew 
attention to the fact that the air in the neigh- 
bourhood of an electrical maehino possessed 
a characteristic odour Chuickshank, m 1801, 
noticed the same characteiistic odour m the gas 
appearing at tlio anode dining the electrolysis 
of water Sehonbein, in 1810, w'as the fust, 
howovei, to recognise the formation undei these 
conditions of a new gas to which he gave the 
name “ ozone ” (ofeu, 1 smell) , he reported that 
ozone was formed dining the electrolysis of 
water and also by the slow oxidation of phos- 
phorus m the presence of moist air. At first 
this new gas was considered to be an oxide of 
hydrogen, but the researches of Marignac and 
l)e la Rive (1845), Rccqiieicl (1852), Tait (1800), 
Soiet (18t)()) and others led to the acceptance of 
ozone as an allotiopic form of oxygen, formed by 
< ondensation of tlirce molecules of oxygen to 
form two of ozone, thereby establishing the 
triatomic nature of the molecule. 

Occurrence — Ozone occurs m the atmo- 
sphere in varying proportions, being constantly 
produced in the upper regions of the atmosphere 
by the action of ultra-violet radiation on ordi- 
nary molecular oxygen 4'ho reaction of ozone 
with water vapour to form hydrogen peroxide 
loads to a considerable diminution of the content 
of ozone m the atmosjihcie. Hobson, Harrison, 
and J^awicrue found a marked connection 
between the amount of atmosphciic ozone and 
the meteorological upper air conditions (Proc. 
Hoy 80c 1927, A, 114, 521) It has been 
observed by Chalon'jjo (Compt rend 1928, 186, 
446) that the thickness of the atmospheric ozone 
layer is appreciably greate^ at night than in the 
day. The ozone content of city air is usually 
only a few parts per million If present in 
amounts larger than about one part in twenty 
thousand ozone is an irritant. Edgar and 
Panoth have reported on the concentration of 
ozone m London air during a period of 6 months 
during 1938, considerable variation occurred 
(JC.S 1941,511). 

Preparation. — Ozone is most easily pre- 
pared by physical processes involving mole- 
cular oxygen. The formation takes place 
through the intermediate formation of atomic 
oxygon, which then reacts with a further mole- 
cule of oxygon by means of a three- body 
collision; 0+02+X=03+X+24-l kg.-cal. 
The third body (X) can be either another gas 
molecule or a catalytically active surface. From 


this it would be expected that the y ield of ozone 
should be dependent upon the gas pressure, and 
this 18 in fact the case At atmospheric pressure 
oxygen atoms would make approximately a 
million three-body collisions per second, leading 
to the formation of ozone, whereas at 1 mm 
pressure the frequency falls to 10 per second, and 
at even lower pressures the reaction O-hO+X 
^02+X-i-llG4 kg.-cal. becomes predeynmant 
Destruction of the atomic oxygen centres may 
also occur by the reaction 0 + 03^203, a 
process for which the activation energy has been 
calculated as 6 2 kg -cal , compared with 4 kg - 
cal for the reaction 0+02=03 The overall 
reaction is a markedly endothermic process, 
302=203—09 kg -cal. 

The endothermic character of the reaction 
suggests that the formation of ozone from mole- 
cular oxygen at high temperatures should be 
possible Neinst has calculated that at 2,183''c 
the equilibrium mixture with 0x3^ gen contains 
0 1%, at 3,230°c , 1%, and at 0,040‘’c , 10% of 
ozone Experimental voiilication of these 
results has been obtained by Fischer and his 
co-workers (Ber 1911, 44, 2956). In attempts 
to produce quantities of ozone by a purely 
thermal process a great deal of experimental 
work has been carried out 8mall quantities ot 
ozone are pioduced when an or oxygen is 
rapidly removed from contact with a Nerrist 
filament or when a Nernst filament at 2,200"c is 
plunged into liquid oxygen Ozone has also 
been detected in the oxy -hydrogen and oxy- 
acotylene flames The failure to produce ozone 
by thermal processes lies in the rate of decom- 
position of ozone at the elevated temperatures 
involved, thus, for example, at 1,0U0+" in 
oxygen containing 1% of ozone the amount of 
ozone would bo reduced to 0 001% in 0 0007 sec 
(Clement, Ann Phyaik, 1904, [iv], 14, 334) 

The formation of ozone in an electrical dis- 
charge has been known since Van Maru ill’s 
original discovery, and it is this method which 
most readily lends itself to the production ot 
ozone, both in the laboratory and on the in- 
dustrial scale The simplest form of ozonisei 
makes use of the electrostatic field produced 
when a charge of high potential is allowed to 
pass through oxygen or air confined between the 
electrodes. This procedure was first used by 
Siemens in 1857, who subjected oxygen to both 
a silent and a glow discharge and showed that 
in both cases ozone was formed, although no 
ozone resulted from the action of electric sparks 
on oxygen. 

The original Siemens “ induction tube ” con- 
sisted of two concentric glass tubes, the outer 
tube being covered and the inner tube lined with 
tmfod. A current of air or oxygen was passed 
through the narrow annular space between the 
tubes, the metallic surfaces of the inner and 
outer tubes being connected with the terminals 
of an induction coil or electrical machine. Usmg 
such an arrangement, 3-8% of dry oxygen can 
be transformed into ozone With improved 
ozonisers of this typo workmg at atmospheric 
pressure and normal temperatures, yields up to 
20% may be obtained. 

A great number of modifications of the 
apparatus have been employed, all of which are 
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very similar in principle but vary m the nature 
and design of the electrodes. In the design due 
ongmally to Biodie (1872), and usually referred 
to as Berthelot’s ozoniser, the metallic plates are 
replaced by electrolytic solutions (usualJy copper 
sulphate solution). Such an arrangement also 
provides some cooling for the ozoniser. Shot, 
powdered graphite, and similar matenals have 
also been used as electrode materials. 

The yield of ozone has been shown to be in- 
creased if pure dry oxygen is used in preference 
to air, which usually results m the formation of 
traces of nitrogen oxides Further increase m 
the conversion may be achieved by cooling the 
ozoniser and mcommg oxygen and also by m- 
creasing the pressure. 

Brmcr and Durand (Compt. rend. 1907, 145, 
1272) succeeded m convortmg 99% of the 
oxygen to ozone by cooling the ozoniser in liquid 
nitrogen. The conversion at — 80°c., using 
otherwise identical conditions, was only 11 %. 

The action of ultra-violet radiation on oxygen 
leads to the production of ozone. This photo- 
chemical formation can be shown to be a reaction 
involving atomic oxygen, but between 1,750 and 
2,500 A. another reaction is also possible in- 
volving a chain process initiated by a collision 
between a photochemically activated oxygon 
molecule and a normal oxygen molecule, 
02 * 4 - 02 O 34 -O. The picscnce of evcited 
mercury atoms has been sliown to stimulate the 
formation of ozone (linkinson and Sheiiill, 
Proc Nat Acad Sci. 192(), 12, 175) Jung and 
Kunau (Z jih^^ikal ('hem 1931, B, 15, 45) 
have shown that the photochemical formation of 
ozone in the presence ot zinc ovido occurs only 
w'hcn the zinc oxide contains a little undecoin- 
posed zinc nitiatc, but no relationship was dis- 
covered between the sensitisation and the \isible 
luminescence of zinc oxide 

Oxygen liberated at the anode during the 
electrolysis of aqueous solutions always contains 
a small quantity ot ozone unless special pre- 
cautions are taken to prcAciit its formation 
High current densities and low electrolysis 
temperatures have been shown by Brmcr and 
Yalda (Helv. Chim Acta, 1941, 24, 1328) to 
favour the foimation of ozone. The concentra- 
tion and mituie of the electrolyte arc less im- 
portant contributory factors Duhme and 
(Jcrdien (Wiss A'eiotl Siemens-Konzcrn, 1928, 
7, 304) by use of a t iirrcrit density of 450 amp 
per sq. cm., which they achieved by pumping 
cooled sulphuric acid at a high velocity through 
hollow elcctiodes, were able to obtain oxygen 
containing as much as 9% of ozone losing an 
alternating current superimposed on a direct 
current, Archibald and VVartenberg (Z. Elektro- 
chem 1911, 17, 812) obtained yields of up to 
37% of ozone They attributed this remarkable 
increase in yield to the reduction of electrode 
polarisation. 

The formation of ozone from oxygon under the 
influence of electrons and a-pariicles has been 
reported P and M. Curie reported the for- 
mation of ozone by the action of radiation from 
radium (Compt rend. 1899, 129, 823). It has 
been reported that the evaporation of salt water 
in the form of spray leads to the formation of 
traces of ozone , this may be associated with the 
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production of static electricity during the splash- 
ing of w ater. 

Only a very few chemical processes lead to the 
formation of ozone in quantities other than 
traces. The majority of the reactions which 
liberate oxygen lead to the formation of traces 
of ozone. 

The slow oxidation of phosphorus, which has 
been studied by many workers, also leads to the 
formation of some ozone, possibly by reaction 
between a peroxide and oxygon, 

P03-f-02-> P02 l~ 03 . 

The reaction of fluorine with water loads 
diiectly to the liberation of ozonised oxygen con- 
taining up to 15% of ozone. The reaction, first 
studied by Moissan, is very vigorous, and may 
bo represented by the following eciuationa : 

2F24-2H20->4HF4-03 

and 

3F2+3H20->6HF-f-03. 

Small yields of ozone are obtained by the 
action of concentrated sulphuiic acid on a 
powerful oxidising agent such as barium poi- 
oxide, potassium dichromato, or potas^lllm 
permanganate. Ozone is not produced in the 
thermal decomposition of potassium chlorate, 
probably because of the high temperature 
rcquiiCil to effect the reaction, but m the 
presence of catalysts sudi that the reaction 
proceeds at a much Iowtt tcmpcratuie, traces of 
ozone appear. Vaiious early reports ot the 
formation ol ozone m ( hmnicMl reactions arc in 
doubt ow'ing to the difficulty of detecting traces 
of ozone in the pres'^nco of similar quantities of 
halogens and nitrogen oxides 

Pure ozone has been picparod by fractional 
distillation of ozone-oxygon mixtures (e f/., 
Karrer and Wulf, J Amer Chom Hoc 1922, 44, 
2,391) RiesenfcJd and Schwab (Boi. 1922, 55 
I B], 2088) were able to obtain pure ozone by the 
tollowing procedure . the liquofl(*d g.ises wore 
found alter evaporation to separate into an 
upper, deep- blue layer, which was a solution ot 
ozone in liquid oxygen, and a lower, violet layer, 
which was a solution of oxygon in liquid ozone 
and contamed only 30% of oxygon at — 183°c. 
By separation of the lower layer and subsequent 
fractional distillation pure liquid ozone, which 
was dark blue, was obtamed (b.p. —112 4°c.). 

The Industrial Preparation of Ozone. — 
Designs of industrial ozoniscrs are exceedingly 
numerous, although the principle underlying 
their design is m all cases that of the silent 
electric discharge 

The influence of the form of the ozoniser 
electrodes has been the subject of a paper by 
Otto and Bennett (J Chem Physics, 1940, 8 , 
899). Manley (Trans Elcctrochom Hoc. 1913, 
84, 127) has studied the electrical character- 
istics of the discharge occurring in ozoniscrs, 
whilst Lunt (Phil. Mag. 1927, [vii], 3, 1025) has 
reported on the power -voltage characteristics 
of the various types of Siemens ozonisers. The 
advantage of using a high frequency current in 
the production of ozone is discussed by Wilko 
(Siemens Z. 1927, 7, 11). A frequency of 10,000 
cycles per sec. enables concentrations of G ~10 g. 
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of ozone per cu.m to be reached, \^ith a yield of 
bO g of ozone pei kw -hr 

A few cxamplcH of the various designs em- 
ployed are cited below The air in these ozonisers 
18 drawn or forced through as is most con- 
venient. When dry air is used and the tempera- 
ture kept down, about 40-00 g of ozone per 
kw -hr are obtained at a concentration of about 
2 g jier cum Jf oxygen is substituted, 120- 
180 g of ozone are olitained From thermo- 
ehemieal considerations the theoretical yield of 
ozone should be about 1 2 kg of ozone per 
kw -hr , so that the actual yield with air is only 
about 5%, and with oxygen 15% of thc*ory 

The Sietnens-I/aLske Ozoniser — This ozoniser 
consists of a battery of glass or porc*elain tubes 
with internal aluminium tubes, enclosed in an 
earthed iron tank, containing water which is 
circ ulated to cool the ecpiipment The aluminium 
tubes are chaiged to a jiotcntial of 8,000- 

10.000 V and the air passes through the annular 
Bjiacc bctwc*en the tubes Kac‘h batteiy of six 
to eight tube's i(‘(piir(s 0 5 kw 

The Tindall -S( hn( Her Ozaniher — The use of a 
dicdcc tiic IS avoidc'd in tins o/onisci by ananging 
foi th(‘ an to pass at high velocity (this is ricc'es- 
saiy to picvcmt sparking) through an electric 
fic'ld maintained between an outer electrode, 
w’hich is water cooled, and an inner electrode 
consisting of a metal jilate 

The Abiaham-JMarmier Ozonner — I'his ap- 
paj-atus is based on the discharge of from 12,000 
to 15,000 V betwc'cn two huge glass plates 
adjacent to two water-cooled tanks which form 
the (‘lectrodes The air jiasscs solely between 
the glass plates 

The Marins-Olio Ozoniser — A voltage of 
11,000-15,000 V IS niaintnnied between a h\(*d 
non cjlnidei and a senes of aluiiinnuin discs 
attached to a rotating axle, the an is passc'd 
directly through the tube, no dielectiie being 
employ eel 

The Ozonair Ozoniser — Two jilates made of an 
nlumnnum alloy gauze are separatc’d by a plate 
of insulator "Jlie open character ot the {dates 
ensures that the air cnculatiori prevents undue 
heating and obviates the need for cooling 
Several of these jinirs of plates are enclosed in a 
case to form a unit The \ oltage used is 5,000- 

8.000 V 

The follcjwing reviews dc*al with the design of 
o/onisers Jx'wis, Cheni Eng Mining Kev 
11)28, 16 , 105, Haitnian, d S (M 1923, 42 , 
117t, Vivian, Compressed Air Mag 1941, 46 , 
65()8 

Technical ozone {iioduction is also dealt with 
ni vaiioiis textbooks of electrochemistry, € c/ , 
K Ai licit in “ Techiiisc'he ElccTio-Cheniie,” 
IStuttgait, 1929 

Physical Properties. — Determinations of 
the molecular weight of ozone show that it is a 
triatomic molecule consisting solely of oxygen 
atoms The structure of the ozone molecule was 
originally assumed to be cyclic in order to satisfy 
the known divalency of oxygen This formula- 
tion, however, failed to represent the reactions 
of ozone which suggested that it was “ oxidised 
oxygen ” and contained bonds of different 
strength ; the formulation involving quadri- 
valent oxygen, 0 = 0 =- 0 , was therefore often 


preferred Pauling (J Amer Chem. 8oc 1932, 
54 , 3581) has ealculated the heat of formation 
from molecular oxygen of the cyclic structure 
The value is much greater than is m fact found, 
and this structuie is therefore excluded The 
quadrivalent oxygen atom is well known m 
molecules such as basic beryllium acetate, and 
possesses a tetrahedi al valency distribution By 
analogy with the carbon-dioxide molecule the 
molecule O O O would be expected to be 
linear Evidence obtained from dipole-mornent 
data suggested that the molecule was non- 
lineai Determination of the 0 - 0-0 valency 
angle and the 0-0 distance gave values of 
127 i 3" and 1 29 j 0 02 a The 0-0 distance 
IS considerably shorter than the 0-0 distance 
in hydrogen peroxide (1 49 a ), where th(‘ value 
18 assumed to be that of a single 0-0 bond 
Since neither the cyclic nor the linear stiuctuie 
IS satisfac tory in the light of new ev idence, 
Shand and Spuir [ihid 1943, 65 , 179) have 
clesc idled the molecule in teims of lesonaiue 
between the following stiuctures 

o' o o 

// \ / \\ / \ / \ 

o o- -O O -O O' 'O o- 

Ozone has been vanousl^ desciibed as possess- 
ing an odour like .sul{>hur dioxide, gailic, and 
(jilonne The odoui of ozone is {leiceptible at 
com entiations of less than one part {ler million 
of air In concentrations greater than two jiaits 
pel million ozone irritates the respiratory tract 
and at high eoneentrations it results m damage 
to the tissues 

Many of the eaily determinations of the 
ph>sKal pi Opel tics of ozone were cainecl out 
using impure sam{)les , however, Kiesc'iifeld and 
his school, and Karrer and Wulf, were able to 
obtain puic^ ozone, and redetermined many of 
the physical {Wipeities 

Pine gaseous ozone possesses a faint blue 
coloui and has a vapour density exactly corre- 
sponding to the formula O 3 By extiapolation 
of values obtained with mixtures of oxygen and 
ozone the ratio of the apccihc heats has been 
obtained, 1 29 Ozone is more soluble m 
water than is oxygen Ladc'iibiirg (Annalen, 
1898, 81 , 3508) and Moufang (Wochschi 

BraueiiM, 191 1, 28 , 434) have obtained the follow - 
mg values for the solubility m watei 

20 10 15 mg per 1 

The solution possesses the characteristic odour 
of ozone and has strong oxidising properties 
Several determinations of the paitition of 
ozone between water and ozonised oxygen have 
been made ; values from 0 ° to 60°c were deter- 
mined by Mailfert (Compt rend 1894, 119 , 951), 
who showTcl that the solubility decreased wuth 
increasing temperature, becoming zero at 90°c 

The solubility of ozone decreases slightly with 
increasing acid concentration Thus the ab- 
sorption coefficient at 0 °c for 0 1 n sulphuric 
acid IS 0 487 (Luther, Z. Elektrochem 1911, 11 , 
832), compared w ith a v aluc for water at 0°c of 
0 494 Solutions of ozone in w ater decompose 
at an increasing rate with decrease in the acid 
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concentration or on addition of alkalis The 
solution of ozone in 0 1 N sulphiiiii acid has 
been sho\\n to obey Heniv's Law Carbon 
tetrachloride dissolves nearly hve tunes as much 
ozone as docs water (Biinei and Perrottet, Helv 
Chim. Acta 1939, 22, 585), 

The \ alues of the electrode potential of ozone, 
which have recently been leviewed by Bnner 
(ibid 1942, 25, 98), vary widely, but all are 
below the value of 0 84 v at 2(Pr calculated 
fiom the free eneigy of the equation O3 fOg 
The discrepancies are due chieHy to decom- 
position of ozone at the electrodes Kassel 
(.1 (4icm Physics, 1933, 1, 414) obtained the 
value 2 07 v for the oxidation potential of the 
system 03 (g)+ 2 H 2e - v 02 (g) f H20(l) 

44ie data available on the magnetic properties 
of ozone are exceedingly discordant. Becc|u<‘rel 
(Compt rend 1881, 92, 348) and Schunieister 
(Sitzungsber Akad Wiss Wien, 1881, 89, 45) 
state that the gas is moic paramagnetic than 
oxygen, whereas Wulf (Pioc Nat Acad Sci 
1927, 13, 744) has found that o/one is less para- 
magnetic than oxvgen, with a sus(‘eptibility 
which IS approx'imatcly zcto 01 possibly negative' 
These obseivations of Wulf aie in agreement 
with G N Lewis’s theoiy, since ozone c'ontains 
no unpaired electrons Vaidyanathan (Indian 
.1 Pliysics 1928, 3, 151) has calculated from thc‘ 
additivity of the* magnetic properties of ozonides^ 
which are all very stronglv^ diam.ignc*tie, that 
ozone* is diamagnetic (y ' - 25 10'®) Lame 

(C'ompt lend 1933, 196, 910) has, liowevor, 
shown that ozone is pat<iindgrictic with a sus- 
ceptibility independent of temperature The 
whole cpiestion of the magnetic properties of 
ozone IS m a very unsatisfactory state, the 
lesults obtained so far indicating that the 
susceptibility has a small value either positive 
or negative 

The refiac'tive index of ozone has been cal- 
culated by extrapolation from values obtained 
VMth oxygen-ozone mixtures by Cuthbertson 
(Phil Trans 1914, A, 213, 10) 

A 4800 5085 5209 5401 5770 5790 

l0®(/x^-l) 532 9 520 2 523 7 520 0 510 2 515 1 

(A IS the wave-length m Angstrom units and 
is the* refrac'tivc index) 

Gaseous ozone has absorption bands in the 
mfia-red between 4 8 and 15/x , m the visible 
spectrum betw^ecn 4,350 and 0,400 a (Golange, 
.T Phys Radium, 1927, [vi], 8, 254) m the near 
ultra-violet betwx*en 3,050 and 3,500 a , known 
as the Huggins bands (Barbier and Chalonge, 
Ann Pliysik, 1942, [v], 17, 272) and m the far 
ultra-violet continuous absorption occ-urs wuth an 
intense maximum reported at 2,500 a (Lauchli, 
Helv Phys Acta, 1928, 1, 232 , Z Physik. 
1929, 53, 92) 

The Raman spectrum of ozone was examined 
by Sutherland and Gerhard (Nature, 1932, 130, 
241) using a 30% solution of ozone m licpiid 
oxygen , an extremely weak doublet correspond- 
ing to a mean frequency shift of 1,280 era 
was observed 

Ozone 18 absorbed on silica gel and the iso- 
therms have been calculated (Magnus and 
Grahlmg, Z physikal Chem. 1929, A, 146, 27) 

The dipole moment of ozone, accordmg to 
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Lewis and Smyth (J Arner Chem Soe. 1939, 
61, 3063), IS p 0 49<10-‘«esu 

Liquid ozone has a deep blue colour and boils 
at — 112 4^'r At — I83 'c’ the liquid density is 
1 71 10 05 The critical temperature is — 5'^c. 
and the corresponding critic*al pressure 65 atm 
and density 0 54 The liquid solidilies at 
--251 4'c. to deep indigo crystals The vapour 
pressure of liquid ozone follows the ecpiation 

log p- -(3,700/4 5717’) h 

1 75 log r-(0 05099/4 571)7’+ 5 850, 

where p is the prossuie m mm of mercury and 
T is 111 dc‘giec‘s absolute* (Spangenberg, Z 
Physikal (’hem 1926, 119, 419) Licimcl ozone 
is miscible m all piopoitions with licpiid nitro- 
gen It IS a non-conductoi of electiicity 

Chemical Properties. — The chemical pro- 
perties aie all associated with tlic instability of 
the ozone molecule, and apart from the for- 
mation of certain additive com pounds are 
eharac'teristie ot a powx'rful oxidising agent 
Several substanc*es whic*li do not react with 
oxvgen do so rc'adily with its allotiojio, ozone. 

Pure drv’^ gaseous ozone decomposes slowly at 
room temperature but at 30(Pi’ the decom- 
position IS almost instantaneous The decom- 
position of oxygen-ozone mixtuios oeeurs wuth 
lumineseenee at elevated tempeiatures The 
de( oinposition 2O3 302f-69 kg -cal is an 

exotheiniK reaction also involving an increase 
in volume and can Iiecome explosive if the rate 
IS suflieiently high Pure li(piid ozone is said to 
be quite stable, but admixed with Injuid oxygen 
It IS dangerous, being sensitive to mechanical 
shock 

ExjKjsiirc to light accelerates the decom- 
position of ozone and ai'coidmgly it is moK* 
reactive as an oxidising agent in the presenei* 
of sunlight Platinum black, copper oxide, load 
dioxide, manganese dioxide, and various other 
oxides excit a catalytic etleet on the decom- 
position Traces of chlorine and mtiogen di- 
oxide accelerate the decomposition, vvliuh can 
also occur catalytic ally on metallic surhices, as 
lias been shown by Kaschtanov, Ivanova, and 
Ryzhov (J Applied Ghem U vS S R 1936, 9, 

I 2176) Silver is the best catalyst and aluminium 
the least effective, copper, lead, and tin have 
little effect. Phosphoius pcntoxido was re- 
ported to catalyse the decomposition, but Smith 
(.1, Amer Chem. vSoc 1925, 47, 1850) has shown 
that this ac'tion was due to impurities, and that 
resublimed phosphorus pentoxido does not 
effec t the decomposition 

Barbier and Chalonge have showm that when 
ozone and nitrogen are passed together through 
a hot tube, nitrogen dioxide is formed (Compt 
rend 1941, 213, 1010) The dec'omposition of 
ozone in aqueous solutions is dependent on the 
pH of the solution Neutral salts have no 
effect, acid salts decrease the rate, and alkaline 
salts increase the rate The decomposition is 
apparently of the sec'ond order 

Ozone reacts with most metals under appro- 
priate conditions, though gold and members of 
the platinum group are not attacked, and the 
reaction leads to the formation of oxides In 
the case of silver a higher oxide appears to be 
formed (Jirsa and Jelinek, Z. anorg. Chem. 1926, 
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168, Cl). If the metals are in the massive state 
a surface film only is formed. Dry ozone is 
reported to be less reactive towards metals than 
18 moist. A ferrochrome alloy containing 25% 
chromium is resistant to ozone. Mercury is 
attacked by ozone with the formation of 
mercurous oxide, which is soluble m the surface 
of the mercury, causmg the metal to lose its 
meniscus and to adhere to glass. The mercury 
IS restored on treatment with water (Hodgson, 
J.CS 1924,125,462). 

Carbon m the form of charcoal absorbs 65% 
of ozone (by weight) at temperatures from —30° 
to -|-20‘’c., with the formation of an acidic sub- 
stance. Above 20°c. carbon dioxide and mon- 
oxide are the only products (Bruns, Kozlova, 
and Maksimova, J. Phys. Chem. U.S.S 11. 1935, 
6, 977). Sulphur, phosphorus, and arsenic are 
converted by moist ozone into sulphuric, phos- 
phonc, and arsenic acids, respectively Anti- 
mony IS not readdy attacked at room tem- 
perature. 

Fluorine docs not react with ozone, whereas 
the other halogens react readily, chlorine giving 
chlorine tnoxidc, CIO3, and chlorine hcptoxide, 
CI2O7 (Byina and Rollefson, J. Amer. Chem. 
So( . 1934, 56, 2245) , bromine at lower tempera- 
tures gives the oxide Br^Og, and iodine gives 
a mixture of IgOg and l40g. Combined 
hydrogen is frequently oxidised to water, as for 
example in palladium hydride and in hydrogen 
sulphide. Except in the case of hydrogen 
fluoride, ozone reacts readily with the hydrogen 
halides with the formation of water and the 
free element. Ammonia and phosphine react 
with ozone to give water and an acidic sub- 
stance. The reaction between ammonia and 
ozone at —74° is accompanied by the formation 
of an orange-red coloration which rapidly fades 
as the temperature increases and disappears at 
— 60°c , the final reaction products being am- 
monium nitrate and nitrite. 

Carbon monoxide is slowly oxidised by ozone 
at ordinary temperatures, the reaction being 
catalysed by light and moisture. Moist sulphur 
and nitrogen dioxides are rapidly oxidised to the 
corresponding acids. The reaction with sulphur 
dioxide below 40°c. is of interest since all the 
oxygon available in the ozone is utilised 
(3 s 02+03-> asOg) However, in the case 
of nitrogen dioxide at 25°c. the reaction gives 
NgOj and Og. 

Bnner and Lachmann (Helv. Chim. Acta, 
1943, 26, 346) have studied the oxidation of sul- 
phur dioxide by ozonised oxygen on silica gel 
catalysts at 200°c , and have shown that the 
ozone acts as a catalyst, greatly increasing the 
yields of sulphur trioxido. Lowry and Lemon 
(Nature, 1935, 135, 433) report that when a 
mixture of nitrogen pentoxide and ozone is 
passed along a hot tube, a reaction appears to 
occur and a blue zone is formed They attribute 
this to the formation of a higher oxide, NOg. 

The reaction between ozone and potassium 
iodide was one of the first used for its identifi- 
cation and estimation. The first stage m the 
oxidation results in the formation of free iodine 
and oxygen, but further oxidation leads to the 
formation of iodate and periodate. Quantita- 
tively the action of ozone on acidiQed potassium 


iodide solution gives very variable results, the 
oxidation being a combination of two mechan- 
isms, 2HI-f03-> Ij-fHgO+Og, and. 

HI i-Og^ HIO3. 

The reaction is best carried out in a buffered 
solution Potassium bromide with ozone yields 
free bromine, the oxidation to bromate being 
considerably slower than that of iodide to iodate 
Cremer and Duncan (J.C S. 1933, 181) have 
shown that ozone reacts with solid K I Bfg wnth 
the formation of potassium iodate and free 
bromine. 

Nitrites are oxidised to nitrates with the 
liberation of oxygen, whilst metallic sulphides 
with ozone give the corresponding sulphates 
Alkali thiosulphates yield chiefly sulphate and 
dithionate, although some sulphur is deposited. 
Solutions of lead and manganese salts give the 
corresponding dioxide, ferrocyanides are con- 
verted to ferricyamdcs, and solutions of salts 
in the lower valency state {e g , Fe^^, Sn^^) give 
precipitates of the corresponding hydroxide m 
the higher valency state. 

The oxides and hydroxides of metals are 
generally converted to the highest valency state 
by the action of ozone, thus hydrated ferric 
oxide in the presence of alkali gives rise to fer- 
rates. Ozone will oxidise platinum held in a 
co-ordination complex from the divalent to the 
I quadrivalent state if the solution is acid. With 
an alkaline solution the j^roducts are very 
complex (Chugaev and Klopin, Z anorg. Chem. 
1926, 151, 253) 

The action of ozone on sodium azide was in- 
vestigated by Gleu and Roell {ibid 1920, 179, 
233) It IS supposed that pernitrous acid, 
HOO NO, 18 formed Noyes, Hoard, and 
Pitzer (J. Amer. Chem Soc 1935, 57, 1221) have 
claimed that ozone at 0° and 24°c. slowly oxidises 
silver nitrate (argentous) in dilute nitric acid 
solution to a black soluble argentic nitrate 

Crushed potassium hydroxide absorbs ozone 
with the formation of a brown substance of un- 
certain composition, but related to the oxide 
K2O4, which was regarded on the older views as 
a salt of the hypothetical ozomc acid, H2O4. 
The reaction of ozone with hydrogen peroxide 
results in the mutual reduction of the reactants 
to give vvdtcr and oxygen. 

Ozone can add on to organic compounds con- 
taining unsaturated linkages (e,g,, benzene) to 
form ozonides (q v ). Other reactions with 
organic molecules are those of oxidation Thus 
formaldehyde may be formed by passage of a 
mixture of methane and ozone through heated 
tubes (Wheeler and Blair, J S.C.I. 1922, 41, 
331). Bnner and Carceller (Helv. Chim. Acta, 
1935, 18, 973) have shown that ozone acts as a 
catalyst in the reaction between hydrocarbons, 
such as butane and propane, with oxygen at 
temperatures above 180°c. 

The oxidation of organic compounds has 
found application in organic synthesis. Thus, 
for example, reactions such as the oxidation of 
bomeol to camphor (Bnner, Egger, and Paillard, 
tbid, 1924, 7, 1018) and of thioethers to sulphones 
(Bohmo and Fischer, Ber. 1942, 75 [B], 1310) 
occur readily and m very good yield by use of 
ozonised oxygen. 
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Chemiluminescence has been observed during 
the reaction between ozone and certain dyestuffs 
such as ahzann, eosin, Methylene Blue, Rose 
Bengal, etc. (Biswas and Dhar, Z. anorg. Chem. 
1930, 186, 154). Ozone attacks rubber and 
many greases rapidly. 

Uses — Ozone, on account of its strong 
oxidising properties, has found extensive use as 
a bactericidal agent, oxygen being among the 
resultant products. Its use in the sterilisation 
of water is free from the disadvantages which 
aie associated with agents such as chlorine. 
The utilisation of ozone for the sterilisation of 
air m confined spaces has been made use of in 
the London underground railway system For 
the stenlisation to be successful and non- 
irntant the air must be moist. Care has to be 
taken in its use in view of the toxic nature of 
higher concentrations. Elford and Ende (J. 
Hygiene, 1942, 42, 240), investigating the use 
of ozone as an aerial disinfectant, have shown 
that its effectiveness is dependent on the relative 
humidity. In concentrations which can be 
breathed safely for long periods ozone is not an 
effective germicide. 

As a neutral, harmless bleaching agent it has 
found use in the food and fine fabric industries 
for the bleaching of oils, fats, and waxes, and 
of ivory, flour, and starch. 

Mixtures of liquid oxygen and ozone and 
hydrocarbons on absorbent materials have been 
suggested as explosives. The drying of paints 
IS hastened by treatment with ozonised oxygen 

Detection and Determination. — One part 
of ozone in five hundred thousand parts of air is 
detectable by odour. Ozone may be detected 
easily by its action on manganese chloride paper, 
which turns brown owing to the formation of 
higher oxides of manganese. Potassium iodide 
and starch papers turn blue, but the test is also 
positive for chlorine. Howevei, by the incor- 
poration of phenolphthalem in the paper instead 
of starch the chlorine may be readily dif- 
ferentiated, since ozone reacts with the for- 
mation of potassium hydroxide. Ozone does not 
affect solutions of potassium permanganate, and 
may thus be differentiated from nitrogen dioxide 
ancl hydrogen peroxide Test papers soaked in 
solutions of the following reagents give specific 
reactions (Arnold and Mentzel, Ber. 1902, 35, 
1327, 2902, Keiser and McMaster, J Amer 
Chem. Soc 1908, 39, 90) 

O3 NO2 H2O2 

Tetramethyl-pp'-diamino- 

diphenylmethano . Violet Straw None 
Benzidine . ... Brown Blue None 

The determination of ozone is most easily 
carried out by shaking with a neutral solution of 
potassium iodide and subsequent titration of 
the liberated iodine with sodium thiosulphate . 
034 - 2 KI + H 20 - 02 + 2 K 0 H-f I 2 , 1 ml. of 

0*1 N. potassium iodide is equivalent to 24 mg 
of ozone. Juliard and Silberschatz (Bull. Soc. 
chim Belg 1928, 37, 205) recommend keeping 
the solution at pll 7 by use of a borax or phos- 
phate buffer. 

Usher and Rao (J.C S. 1917, 111, 799) recom- 
mend the use of the reaction between ozone and 
nitntes m neutral or acid solution for the deter- 


mination of ozone in the air, the change in nitrite 
concentration being determined by a colorimetric 
method. 

Tetramethyl - pp' • diammodiphenylmethano 
may be used for the direct colorimetric esti- 
mation of ozone, and the use of test papers 
soaked in this reagent provides a convenient 
method of detection. 

Brmer and Porrottet (Helv. Cbim. Acta, 1937, 
20, 293) have determined ozone in concentrations 
of 10”® to 10~® by passing the gas into a solution 
of benzaldehydo in carbon tetrachloride and 
estimating the benzoic acid formed. 

Schlezmgor (Acta Physiochim. U.R.S S. 1936, 
3, 435) passed the gas through an alcoholic 
solution of dihydroacndine. The fluorescence 
of the acridine formed by oxidation is measured 
photometrically. A similar method employing 
the leuco-baso of fluorescein has been developed 
by Egorov (Analyst, 1929, 54, 189). 

Edgar and Panoth (J.C.S. 1941, 511) have 
examined critically the methods available for the 
determination of ozone m the atmosphere and 
have used both a spectrographic method and a 
method based on the tetramethyl-pp'-diamino- 
diphenylmethane reaction for the determination 
of ozone in the atmosphere. Nitrogen dioxide 
was removed before this estimation. 

Ozone may also bo determined by means of 
sodium arsenite 

2 Na 2 HAs 02+203 -> 2Na2HAs044-Oa 

and also by means of alkali bisulphite solution. 
By passage of the gases through potassium per- 
manganate or chromic acid solution, hydrogen 
peroxide is removed and the ozone passes on 
unreacted. This is generally a necessary pre- 
cursor of any determination 

DSP. 

OZONIDES. (1) Inorganic Ozonldes. — 
The 80 -callcd inorganic “ ozomdes ” or “ ozo- 
nates ** are obtained as unstable yellow, orange, 
or rod substances by the action of ozone on the 
hydroxides of the alkali metals These sub- 
stances, to which, c g , the structure (K 0 H )202 
18 ascribed, decompose on keeping with the 
formation of caustic alkali, oxygon, and alkali 
tetroxides , acidiflcation gives hydrogen per- 
oxide and oxygon (Traubo, Ber 1912, &, 2201 ; 
1916, 49 , 1670 ; see also Streeko and Thiene- 
mann, ibid 1920, 53 [B]’, 2096). 

( 11 ) Organic Ozomdes. — The rate of addi- 
tion of ozone to an olefin is decreased when the 
double bond is conjugated with carbonyl groups 
or when three or more phenyl groups, or two 
chlorine atoms, are attached to the doubly- 
bound carbon atoms ; conjugated bonds add 1 
mol. of ozone rapidly and further ozone only 
slowly; butadiene gives a very unstable di- 
ozonido without evidence of 1 4 addition. Trans- 
isomers in general add ozone more rapidly 
than the ci^-forms Ozonolysis in the vapour 
state may give a higher ozonide than is found in 
solution, e q , dipenteno diozonido (Noller ei aL, 
J. Amer. Uhein. Hoc, 1936, 58, 24 , and Spencer 
ei al , J Org Chem. 1940, 5, 610). Excessive 
ozonolysis must always be avoided and when 
complete absorption of ozone does not occur the 
control of reaction is difficult ; the use of 
bromine as an indication of the presence of un- 
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ozonised double bonds is not wholly satis- 
faetory since substitutive reaction readily 
(xcurs In the o/xmolysis of rubber, sub- 
stitution by bromine increases as ozonolysis 
pro(cc'ds, giving a substantially constant total 
bromine uptake On completion of the ozono- 
lysis a per-compound is formed which inhibits 
bromine substitution so that the bromine uptake 
suddenly falls to zero (Pummerer, Rubber (’hem 
Tech 1937, 10, 114) Control of ozone con- 
centration (c r/ , by passage through acpieous 
sodium hydroMclc) is highly desiiable, a high 
( onccntration being rccpiired for aromatic and 
conjugated compounds, but a low concentration 
(1-5%) IS essential for certain readily oxidisable 
aldehydes Protection of a sensitive aldehyde 
has also been obtained by ozonising in foimie 
dc id ( norland and Hibbeit, Canad d Res 1910, 
18fB|, 30) 

Low tempeiature and dilute solutions are 
generally ])refc*rablc‘ for eftuient ozonolysis, 
vaiious solvents aie suitable*, e r/ , methanol, 
chloroform, ^icetie acid, hexane or ev(‘n water 
(Biiner, Helv (^him Acta, 1937, 20 , R211, 
1930, 21 , 1297), dry ethyl ac'ctate is part ic ulaily 
suitable il the o/onicle is to be submitted to 
c atalytic hydrogenation 

!)('( nw position of Ozonides — For gc'iitlc* dec orn- 
position Strauss (Annalen, 1912, 393 , 235) rec'om- 
mencls in the first jilac'c drawing a strcNim of 
moist air through tlie solution of the o/onicle, 
water being added later H;yclrc)lytie methods 
of dec'omiiosition have to some C'xtent been 
replaced by recluctivo methods, especially where 
aldehydc's and ketones rather than acids are 
recpiired as final products, such methods must 
be applied imrnediatcdy after o/onol^sis Among 
eflective reduiiiig agents are zinc dust witli 
acetic ac'icl or with silver nitrate and hyclro- 
cpiinone, aluminium amalgam, potassium ferro- 
eyanide, sulphui dioxide, and sodium bisulphite* 
(Whitmore,.! Amer (’hern Soc* 1932,54,3710, 
1934,56, 17()) (’atalytic hydrogenation (Fischer, 
Annahm, 1928, 464, 82, Ber 1932, 65 [ B], 1408) 
has also found wiclc*sprcNicl use and with suitable 
prc'cautions high yic*lds of alcleh\cles and 
ketones have been obtained , acid reai range- 
merit 

.o o 

RCH CHR -> RCOOHfRCHO 
O 

which IS the majeu cause of low yields may be 
avoided by preventing tempeiatuie use during 
hydrogenation Raney nickel (exc*ess) has also 
been used without additional hydiogen being 
recpiired ((’ook and Whitmore, d Amer. Chem 
Soc 1941, 63 , 3.540) 

Oxidative decomposition (alkaline perman- 
ganate or alkaline hydrogen peroxide) favours 
formation of ac*ids 

Structure of Ozonides — Glycol formation on 
reduction of o/oniiles, which w'ould be expected 
from Harries' formula 

—C C— 

o o 

o 


has not been observed; instead, ketonic pro- 
ducts are obtained According to St«iuclinger 
(Ber 1925, 58 [B], 1088), the first stage in the 
formation of an ozonide is a simple attachment 
of ozone to the double bond to give a molozonide, 


O 0-0 


)c— c; 

/'I I \ 

0—0 = 0 


which may subsecpiently behave in a vaiiety of 
w'ay s 

I It may undergo mtcrmolccular rearrange- 
ment to a stable r.90-ozonicle, resembling an 
acetal, vvhic'h structure is now .issigned to all of 
the normal ozonides, e fj , 


0—0 o 


o 

r'-r>-()/oiil(le 


2 The molozonide may poly meiise, and this 
tendency is favoured by solvents which induce 
assodation and })y the occur Fence of the bond 
in a ring structuie so that isomc'iisation is 
hampered 

3 9'hermal clc'compositiori of ,i molozonide 
may give a ketone and a ketone pc‘i oxide oi an 
ac id. 


RoC-CRg 

I I 

0-0 o 


oo 

^CR, O! 

OO^ ' 


CR2 ' 

II 

o o J 


' RCOOH 


It IS doubtful whethei molozonidc's, which 
would be ic‘cluciblc* to glycols, ever have a 
separate existence (Pummeier, Rubbei (’hc'rn 
Tech 1938, 11, 7, see also Riechc*, Meister, 
Sauthoff, and Pfeiffer, Annalen, 1912, 553, 187), 
and it is now considered more probable that the 
first product of attack of ozone is the cliiadical 
(J) whic*h immediately transforms via the 
cliradic*al {C) eithei to an i50-o/onide or to a 
polymeric ozonide, 

♦ C C 

c-c I I 

\ -> O O 

0 0 o* \ / 


d 


/Ox 


-c o c o o c- 
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the formation of new ~0—C— and — O O— C — 
linkages being accompanied by weakening and 
ultimately by breaking of the — C — C — bond 
(Farmer, Tians Inst Rubber Tnd 1945, 21, 
122 ). 

The ozonides are analogous to dialkyl- and 
d ihy di oxy-dial kyl peroxides, 


7 V 

R C O O C R 

I I 

OH OH 

j)(*ri)\i(le 


H H 

I I 

R C O O C R 


Dialkyl pcroMile 


V OO V 

R-C^ R 

Ozonidc 


and the molecular refraction, paiachois, and 
ultra-Molet absorption of ozonides an<l pci- 
oxidcs induatc the piesence of a similar gioup 
in both types of compound Raman spectra, 
dielectric constants, and absoiption spectra of 
ozonides ha\e also been studied by Briner 
(Helv Chim Acta, 1930 et seq ), and by Here- 
Howskaj.i and Kurnossow^a (J Plus Chem 
Russ 1935, 6, 125) whose work suggests the 
possibility of a co-ordinately bound oxygen 
atom which determines the peroxidic properties 
Treatment of allylben/amo ozonide with sodium 


malonic ester has established the presence of the 
ethereal oxygon linkage. 

By dehydration of dihydroxy-dimethyl per- 
oxide Rieche and Mcister (Ber. 1932, 65 [B], 
1274) have obtained an oil identical with iso- 
butylene ozonide, 

V y 

CH,— C— O O— C— CH, -> 

I I 

OH OH 



o o 


H 

I 

C-CH, 


Ricehe, IMeister, Sauthoflf, and Pfeiffer (I r ) h.ivc 
also showm that the bimolecular peroxide formed 
in the fission of oleic acid ozonide with iron or 
acetic acid is identical with the peroxide 


H H 

I I 

CH3[CH2],COOC|CHj1,CH3 


OH OH 


wheiK'e the first stage in the fission is formulated 
as a hydiolysisof the ether linkage of the ozonide. 

HydrolqtK I)eco)ti po.sition of Ozonides — The 
following mode of hydiolytic decomposition is 
suggested by Ricche 


R— cr 


"o o 

I 




H 

I 

C— R'+HoO 


R_.C— O O— C— R' 

I I 

OH OH 

Intermediate dihydroxy-dialkjl peroxide 




1 

R COOH bHgO 

H 

H R'COOH+HjO 

\ 

1 

1 

01 R- 

-C—O OH+R'CHO 

R CHO f R'— C— 0 OH or 

/ 

1 

or 1 S 

R CHO+H2O52 

OH 

OH R'CHO+HjjOjj 




H 

1 

H 

r 1 

1 

R— C— 
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1 

0 0— C— R 

1 

R'__C— 0 O—C— R' 
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1 

OH 

1 

OH 
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OH OH 


/ \ 

/ \ 
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\ 

^ \ 

R CHO pHPg 

or RCOOH+HgO 

R'CHO+HgOg or R'COOHd-HgO 
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but since dimeric diaryl ketone peroxides have 
been obtained by the ozonolysis of arylated 
olefins without the introduction of water at any 
stage of the reaction Marvel and Nichols ( J Org 
Chem. 1941, 6 , 296) have suggested that ozonides 
may cleave spontaneously to give the usually- 
found products of ozonolysis 

Ozonolysis of Tri])le Bonds, — Ozonolysis of 
acetylenes yields ozonides in which the carbon 
to carbon linkages still remain • 

RC-CR xOOv 

I I and R C R 

0 - 0^0 

aio probable structures (Hurd and Christ, ibid, 
1936, 1, 141) Hydrolytic decomposition yields 
1-2-diketones (Jacobs, J Amer Chem 8 oc 
1936, 58, 2272) , acids are formed subsequently. 

xO 0 \ 

RC,__ — CR b H2O 

o o 

II II -b H 2 O 2 2RCOOH 
R C— C R 


Monomeric Ozonides 

The large number of normal ozonides now 
known cover every class of organic compound , 
they are well catalogued in a publication by 
(’. J) Harries, “ Ihitersiichungen uber das 
Ozon,” Berlin, 1916 Among some interesting 
ozonides described more recently arc the 
following : 

Unstable ozonides of maleic and fumaric acids 
are fornieil at low temperature although the 
< oriesponding esteis form ozonides normally; 
an explosive ozonido of maleic anhydride has 
been isolated (Hiiner, Hclv. Chim. Acta, 1937, 
20, 1211 ; 1938, 21, 1297) In the ozonolysis of 
iiiolein ozone adds primarily at the double bonds 
but further ozonolysis converts the ester gioup 
to a pcrester (Na'^ini and Mattel, Cazzetta, 1941, 
71, 302, 422) Ozonules of hydroaromatic and 
higher aliphatic olefins are characterised by a 
high degree of stability, but aromatic ozonides 
are generally highly explosiv e , the decom- 
position products of aromatic ozonides indicate 
contributions to the aromatic structure by both 
Kekul(5 forms 

i^yoioPentene Ozonide, CgHgOg, is obtained by 
ozonisation in hexane cooled m a freezing mix- 
ture, when the insoluble ozonido is precipitated 
Distillation gi\ os a viscous yellow liquid, b p 
60-62°/ 10 mm. Water yields glutanc acid and 
aldehyde and the half-aldehyde of glutanc acid 

Ozonides of terpenes, eg, hmonene ozonide, 
obtained as a white solid hy ozonising limonene 
m carbon tetrachloride, is freed from accompany- 
ing oxozonide by solution in acetic acid Treat- 
ment with water lust decomposes the aliphatic 
ozonido grouping, and the ketonic ozonide so 
firoduced may be separated by ether extraction 
Prolonged treatment with water decomposes the 
second ozonide grouping : 


CH 3 

1/9® 

/C\/ 


CH 


CHj CHjj 


CH, 

I 

CO 

/ 

CH, CHO 

I I 

CH, CH, 


CH, 

^Cv/ 


CH 

I 

CO 

I 

CH3 


CH3 — C C - CH 

II I 

CH CHg 

I I 

CO— CH-CH, 


CH 

I 

CO 

I 

CH, 


a-Fenchene Ozonide gives on hydrolysis an 
acid 


CH. — CH 

i 


~CH. 


Me. 


CH2 — CH — CH COOH 

which represents the only known case of non- 
fission of a double bond by ozonolysis 


Dimeric Ozonides 

These cannot be distingULshed by analysis nor 
by mode of decomposition fiom normal ozonides, 
but molecular weight determination shows them 
to be bimolecular 

Di - sym - butylene Ozonide. — Bimolecular 
material (C 4 H 8 O 3 ), constitutes the larger part 
of crude sym -butylene ozonide, obtained by 
ozonising st/m. -butylene in methyl chloride 
(Harries and Evers, Annalon, 1912, 390, 238). 
The dimer la extiemely viscous, is readily soluble 
in alcohol, moderately soluble m benzene, and 
sparingly soluble in light petroleum It is 
surprisingly stable, and can be heated in solution 
without decomposition, strong heating causes 
explosion at 125°. Warm 4% alkali hydrolyses 
it to acetic acid 

The structure 


H H 

CH3-^/^°\c^CH, 

I I 

o o 

o o 

CHj-i. /(i-CHs 

H H 

IS assigned to it (Rieche). 
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Polymeric Ozonides. 

Normal ozonides are frequently accompanied 
by VISCOUS oils, the amount of which is in- 
creased by prolonging ozonolysis. The polymeric 
ozonides are high-boiling, very viscous oils with 
a weak but penetrating odour, and are more 
stable than normal ozonides. Rieche has sug- 
gested an open -chain structure for the polymers 

R R R R 

II II 

— O O— C— O— C— OO— C— O— C— 


Polymeric cycZohoxeno ozonide is obtained as 
a white solid when 9% ozone is led into a 6 % 
solution of cycZohexene in hexane It melts at 
60-65°, exploding at 140-150° Two polymeric 


cyclopentene ozonides are known, one explosive 
and one not explosive ; styrene ozonide is also 
polymeric. 

Oxozonides 

A pure ozonide RO 3 is not converted to an 
oxozonide RO 4 on treatment with unwashed 
ozone, so that pure oxozonides can only bo 
obtained when their rate of formation is much 
greater than that of the ozonide Di-sym - 
butylene oxozonide is obtained from di-«ym - 
butylene with unwashed ozone. Treatment for 
a short time with water yields di-sywi.-butylene 
ozonide 

Literahire — C D Harries, '* Untersuchungen uber 
das Ozon, 1003-1916,’' Berlin, 1916, A Rieche and 
F Hitz, “ Alkylperoxhie und Ozonide,’* SteinkopiT, 
Diesden, 1031 , A Rieche, “ Alkylperoxide und 
Ozonide ” (a review), Angew Chem 1932, 45, 441 , 
L Long, Chem Reviews, 1940, 27, 437 
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P-VITAMIN. The vitamin nature of 
dietary factors affecting capillary resistance or 
capillaiy j)ei meability 111 man lernams doubtful, 
however, numerous observations, mainly in 
animals, and some clinical reiioits warrant, even 
at this stage, a brief surv ey of the field 

History, 

In 1936 Szent-Gyorgvi et al, (Deut mod 
Woch. 1936, 62, 1325, Nature, 1936, 138, 27, 
798, 1057) reported that extiac'ts from paprika 
and lemon juice contained a substance or sub 
stances other than ascorbic acid (\^itarain-(7) 
which exerted a beneficial effect on ha^moirhagic 
disorders, due to increased capillary permeability, 
and decreased the number of hiCmorrhagcs in 
scorbutic guinea-pigs, prolonging the survival 
time of the animals They called the active 
principle “ Vitamin -P ” (P for permeability) 
and the extracted substances from lemons 
“ citrin ” They established that “ citrin ” con- 
sisted chiefly of an isomorphic mixture of two 
flavanone glycosides, hesperidin and eriodictin, 
related to the group of yellow plant pigments 

Other observers (Zilva, Biochem J. 1937, 31 , 
915, 1488; Moll, Klin Woch. 1937, 16 , 1653; 
and others) and later Szent-Gyorgyi himself 
(Z. physiol. Chem. 1938, 255 , 126) were unable 
to confirm the earlier findings m animal experi- 
ments However, these negative results were 
again reversed, first by Zacho (Acta path, 
microbiol Scand 1939, 16 , 144) and then by 
Rusznyak and Benko (Science, 1941, 94 , 25, 
Klin. Woch. 1941, 20 , 1265), who included also 
rats in their tests, Bacharach et al. (Analyst, 
1942, 67 , 313; Biochem. J. 1942, 36 , 407) and 
by Bourne (Nature, 1943, 152 , 659). 

Animal Experiments 

All these authors agree that guinea-pigs, on a 
scorbutogenic diet augmented with ascorbic 
acid, develop an increased capillary fragility 
This becomes apparent only when negative 
pressure (expressed m milhmetres of mercury) or 


suction IS applied by means of a class cup to the 
skin of the animals, and pctcclii.o or ha}matoma 
are produced by less suction or lower negative 
pressure than that lequired to cause haimor- 
rhages in the normally fed animal Whereas 
some investigators such as Bourne (I c ), and 
Husznyak and Benko {I c ), administered test 
substances to animals with a maximum de- 
ficiency (or a minimum of capillary resistance) 
and observed activity by a return to normal, 
others such as Bacharach et al {I c ) treated the 
guinea-pigs duiing the period of deficient diet 
with various doses of the material being tested 
and compared the capillaiy resistance of those 
animals with a control group Thus “ citrin,” 
hesperidm, and even the corresponding agly- 
cones, such as hesperctin or onodvctiol, wore 
found acti\e Majoivki et al (J Pharm Exp. 
Ther 1944, 80 , 1) repoitcd that mice exposed to 
sudden low-picssure suffered from hiemorrhage 
in the lungs , if given cxtiacts from citrus fruits 
they were to a certain extent protected against 
these injuries , these results w^ere not confirmed 
by others (Kibrick and Goldfarb, ibid. 1944, 82 , 
211) But such discrepancies of observation m 
this field are not rare, as even with the guinea-pig 
the same experimenter may suddenly encounter 
failure of methods which before gave regular 
results Though Bacharach and Coates tenta- 
tively proposed a provisional unit (P U.) 
(J.S.C 1. 1943, 62 , 85) and expressed the contents 
of fruits and vegetables in such “ Vitamm-P ” 
units, there exist serious doubts whether any 
of the methods at present available, even if 
qualitatively valid, are reliable from a quantita- 
tive point of view 

Chemistry. 

The ” citrin ” of the Hungarian workers con- 
sists mainly of two flavanone glycosides, hespen- 
din (— hesperitin rutinoside , I, R=rutinose==Z- 
rhamnosido-d-glucoside, R'— CHg) and eriodic- 
tm (=eriodictyol Z-rhamnoside ; I, R=rhara- 
nose, R'— H), cj, Mager (Z. physiol. Chem. 
1942, 274 , 109). 
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Wawia and Webb (Sdeiicc, 1942, 96, 302) 
isolated a “ liespendin ” from lemon peel and 
showed it to be a piotoin complex of the isomeiie 
hesporidm (halkonc (11, R^-su^ar, R'-CHj) 
Later 11 igby (J Amor riiaim Assoc 1943,32, 
74) diMiionstrated that pure hespeiidin ami 
related compounds had little cfteet on capillary 
resistance in contrast to hespendin chalkone, 
either isolated from oranges or of a synthetic 
origin When meth\lated, this chalkone >\as 
stabilised and letained its activity These 
chalkones ])OHsess a deeper coloration and a 
greatei solubility in water An etheieal extract 
ol spray-dried blackcuirant juice, jirepared by 
I’ollard (Nature, 1942, 160, 490, Ann Kep 
Ague* and Hoit Hc‘s Sta Long Ashton, 1943, 
141), had acc'OTcling to Kacliaiacli et al {I c ) 
greater ac tiviU than hespendin dernatives, its 
chemical natuie has not been established 
Bourne (piuate communication) found that 
c’halkones of t^jie 111, lacking h^>droA>l groups 
in the 2' and 0' positions still possessecl activity 
in the gunu‘a-pig LavolKi y c// ((.Vmipt rencl 
1942, 216, 490, C'ompt. lend Soc Biol 1944, 
138, 179) added catechin and d-epuatechin (IV) 
to the seric's of capillary active substances, claim- 
ing the lattei to be the most active compound foi 
increasing capillary resistance in guinea-pigs 

Erpeumeyital Work on Man. 

Reports on treatment of increased capillary 
fragility in man, in many cases detected by appli- 
cation of negative oi positive jiressure on the 
skin, with flavanone deiivatives and othei “ P " 
active substances are numeious but not con- 
clusive Among othei 8, ISear borough (Edmb. 



Med J. 1944, 61, 381, etc ) claimed that “ citrin ” 
and hespendin increased low capillary resistance, 
whereas other authors failed to achieve the same 
success A survey on the latest clinical obser- 
vations can be found m F. Bic*knell and F. 
Prescott, “ The V^rtamins in Medicine,” lleine- 
mann, London, 1946, ]) 863 ff 

Other surveys on the general subject of 
“ Vbtamin-P ” are Lindheirner, Hinman, and 
Halbday (J Amer Diet. Assoc 1942,18,503), 
H R Rosenberg, “ Chemistry and Physiology of 
Vitamins,” Interscience Publ Inc , New York, 
1942, p 513 ff , Javillicr and Lavollay, Helv 
('him Acta, 1946, 29, 1283, Bareli, Jubilee 
Volume, Basle, 1946, p 216, Parrot and 
Cotereau, Arch int Physiol 1946, 64, 197, 
('c>teic‘au et al , Nature, 1946, 168, 343 , Griffiths 
et al , Proc Soc Fxyj Biol. Med 1944, 66, 228, 
Madison and Pohle, J Lab clin Med 1947, 32, 
310 

V B 

PAINT OILS (r \c)l IV, 8L) 

PAINTS Although the time is long past 
when paint c*ould be ic‘garded simjdv as a mix- 
tuie of diy jiowdeis ground in linseed oil, yet 
“ paint,” the teini being legarded in the bi oddest 
sense*, may still he clehncd as “ a suspension of 
finc‘ly ground solids in a medium consisting of 
non-volatile and volatile ingredients.” The 
dry j)owdc*Ts are generally known as pKjineiits 
and extenders The foimer retain them colour 
when dispeisc'd in the paint film, wlic'reas c\- 
tendeiH usually c'ontiibutc only to the general 
propcitic's of the jiioduct and arc tianspaient 
Ol translucc'iit in the medium The medium 
consists eithc'r of drying oils, with oi without the 
addition of natuial or synthetic resins in solution 
111 suitable solvents, or may be composed wholly 
of a solution of synthetic* resin If drying oils 
are piescmt and the paint is leciuiicd to diy at 
loom temperature theie will usually be an 
addition of dneis, ? c , metallic naphthenates, 
linoleates, or lesinatos which catalyse the 
oxidation 

Having defined the fundamental constituents, 
each group will be eonsideical m gieater detail 
before* a general desciiption is given of the very 
large variety of materials which may now conic 
within the sc'ope of the paint manufacturer 

Pigments. — It is the pigment which confers 
on a paint its c*cjloiu and opac-ity A full 
dc*s(ription of the manufacture and properties 
of pigments is given in the article under the 
appiopriate heading It may not be out of 
jilace, hovNcvcr, to mention that m selecting a 
pigment for any particulai produc*t it is not 
encnigh merely to c'onsider the colour, even 
though that is regarded as of primary import- 
ance The retention of initial colour is of equal 
significance, and paiticiilar care needs to be 
taken vihen choosing pigments for paints that 
have to resist specially adverse conditions, e q , 
of excessive humidity or chemically polluted 
atmospliercs The range of available pigments 
IS extremely wide and it must be the paint 
formulatoi's aim to keep abreast of develop- 
ments in tlie allied industues. All pigments 
impait coloui to the medium in which they are 
suspended There are, however, very “wide 
differences in the capacity or “ covering power ” 
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whiob is confcired even by difFerent members 
of the same class , for example, it is well known 
thiit titanium dioxide has greater hiding power 
than zinc oxide oi antimony oxide. Some dye- 
stuff yellows and reds, and paiticularly maroons, 
are notoriously tiansparent In all cases the 
manufacturer has to compromise on opai'ity, 
foi both economic and pi actual considerations 
limit the amount of pigments that may be added 
to any medium The economics merely concern 
the price a customei is willing to pay to secuie 
the piopeitics he rccpiucs, but the practical 
aspect depends usually on the “ oil absorption " 
of the ])igment in (piestion This is a property 
of the pigment capable of experimental determi- 
nation It defines the minimum amount of law 
linseed oil necessaiy to produce a homogenous 
paste and h( nee ls related to the amount of 
noii-volatile medium needed to produce a finish 
of the ie(iuii('d gloss It is ob\jous that there 
must be an uppei limit to the amount of pig- 
ment which can bo incor pointed if a high-gloss 
prodiK t is to result 

Extenders do not usuallv (onfer coloui on 
the medium in w'huh the\ are dispeised and 
raiely have any ctUst /ko 6e on the o])acitv, 
although thej may improve this latter piopeit\ 
by pionioting increase of the him thickness on 
application Among the more commonlv used 
«ire barium sul])bate (barvtes and blanc fixe), 
(akium carbonate (Pans wdnte), powdeied 
asbestos, giound silic<i of various gr<idcs, china | 
clay, and \ anous di<itorn«iccous earths Calcium 
sulphate (terra alba), buiurn carbonate (witlmr- 
ite), and powdeied slate also find special appli- | 
cations 

Extenders are iru hided in paint compositions 
for a vaiicty of reasons In the cheap type of 
oil paint they may be added merc'ly to increase 
the “ body ” of the paint and to permit the use 
of a lower amount of pure jiigmcnt They aie 
iiscsl infiequently in high-grade gloss finishes 
< 111(1 then only when a small (piantrty of high- 
op.Kity pigments is the ])rin( qial ingredient 
In su(h paints as ])iimcrs, fillcTs, and undercoats, 
however, tliey fulfil an important fum tion in 
contiolling the degree of gloss obtained and irn- 
jiarting the desired properties such as ease of 
brushing or of nibbing down (flatting) The 
uses to wliuh extenders are put <aro generally 
related to the oil absoiption Those h<aving 
the higher oil-rccpiirernent are often used to pre- 
vent ex( essivc settling of the pigment portion of 
the paint It is not absolutely true to say that 
extenders ,irc always transparent or translucent 
111 a medium They may be so in one binder 
but be opacjiie in another This is particularly 
the ease with the waterpaints {g v ) where Pans 
wdnte IS cjuite ( ommonly used as a white pig- 
ment The opacitv of any pigment or extender 
IS related to its own refractive index and to that 
of the medium in which it is dispersed The 
greater the difference, the more opaque will the 
pigment appear 

Medium. — It is m the medium (otherwise 
known as the vehicle), which w'as once so simple, 
that the gicatcst progress has been made in 
modem technology The extent and diversity 
of types are now very great. Two broad sub- 
divisions at once appear, i.e. (a) pamts which 


“ dry ” without application of heat (air drying 
mateiials), and (/>) tlmse products which require 
the ii«?c of elevated tcinpci<ituic's either for 
ordinaiy drying or foi the completion of a 
chemical change of the lesin to secuio full 
development of resistant piopeities The diy- 
ing of some paints of the formci (dass may be 
a('celeiated by the application of heat but in 
general it is piefeiable to have specially formu- 
lated mateiials in each class 

A further pair of broad gioups may be dis- 
covered, by no means s^^ nonunions wnth the first 
two It IS the division into pamts which diy 
by evaporation of solvent onlg (frequently termed 
“ lacquers,” although tins name is also given to 
many products frilling m the sec'ond class), and 
p<aints which dry by oxidation or other chemical 
change of the medium, eg, the formation of 
linoxyn by oxidation of linseed oil or the poly- 
merisation of ” iire<a~foimaldeb}^do ” resins on 
stoyiiig It IS perhaps easiest to discuss the 
vaiious types of media m teims of tins second 
grouping 

The components which aie used as stiaight 
solutions, and diy by cv.ipoiation only, include 
shellac, Manila cop<i I, and similai alcohol-solulile 
natural resms, s<ilts and csteis of rosm, nitro- 
cellulose in most of its a])pb(‘ati()ns, and very 
many ot the modem t<‘sms such as those deiived 
fiom (diloimation of natuial rublier and pol>- 
meiivsation of vinyl ac'ctate and vinyl chloride, 
st^icne, etc In the other group, i e , those diy- 
ing by chemical ch.ingc (whetln'i at room tem- 
perature or on stoving), aie linseed oil and all 
the modilieations luodiK'cd from it by heat 
tieatmcnt (stand oils, litbogiaphie vainishc's, 
and blown oils, etc ) , varnishes preparcsl fiom 
linseed oil and other drying oils such as china- 
wood oil, pcrilla oil, OI dchydiati‘d castor oil by 
heating with natuial or s}^ntlu‘tic resins, all 
alkyd resins, ? e , i(‘Hms ])rcp<iicd from poly- 
hydric alcohol and phthalic anhydride in the 
pr(‘senee of drynng oils, phtuiol-foi maldcdiyde, 
urea-foi maldehyde, and melamiru'-formaldc- 
hyde lesins, and so on The oil length of the 
varnish is expiessisl as the rath) of the oil to 
lesin, e (/ , 2 I, or as a jicreentage ot the whole 
rc'sin complex Varnishes with less than 00% 

I of oil are often termed “ short oil ” and those 
over 00% or 1 J I are termed “ long oil ” The 
an -drying typexs within this group will usually 
contain metallic driers mthefoim of naphthen- 
ates, Imolcates, or losinates of lead, manganese, 
or c'obalt Recent woik has also added know- 
ledge on the use of iron, eeiiuin, and zine salts, 
but in spite of a considerable amount of work the 
complicated pror esses vvhic h oc( ui during the 
oxidation of drymg-oil films <iro still incompletely 
understood (cf Moirell and Davis, Trans. 
Faraday Soc 1930, 32, 209, Morrell and 
Phillips, Paint Tcchnokjgy, 1942, 7, 130, 169, 
187, see also Drying Oils, Vol IV, 81c). The 
other members of the group complete the 
chemical changes associatecl with polymerisation 
either on application of heat or of specific 
catalysts The details of many types are given 
in the articles on Pl\8TR’S 
Ah in the case of pigments, the selection of the 
medium most appKipriato for any particular 
pamt IS not a matter to be undertaken lightly. 
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Due regard must be paid to the known perform- 
ance data of the various types and also to this 
suitability for use with the particular pigment 
composition which the formulator has in mind. 
Linseed-oil paints, for example, are very easy 
to apply, but give rather soft films with not very 
high gloss and somewhat limited durability. 
Most pigments in common use can be dispersed 
in linseed oil without risk. As the art progressed, 
it was found that the gloss of linseed oil paints 
could be increased by heat treatment of the oil 
or by cooking in resm This also tended to 
harden the film, but at the same time increased 
the viscosity of the non-volatile medium so that 
additional thinner was required to enable the 
paint to bo brushed Moreover, if the added 
resin, or the products of heat treatment, were 
acid, basic pigments such as zinc oxide had to be 
avoided The alkyd rosins have been found to 
possess excellent general durability and to bo 
reasonably tolerant of most pigments. Air- 
drying, oil- modified phenol-formaldehyde resins 
have also found considerable application in the 
docoiative and protective fields, although a 
tendency to yellow on agemg is a maikcd dis- 
advantage In the industrial field, nitrocellulose 
lacquers still command a very wide range of 
uses, but the statutory regulations attending the 
use of these low-flash materials are aiding the 
introduction of stoving materials of the plasti- 
cised urea-formaldehyde typo Castor-oil alkyds 
are among the moat widely used plasticisers and 
give very satisfactory results at stoving schedules 
of J hour at 2r)0°F. upwards. There is not 
space in this article to expand the formulating 
practice with the various typos of mocha, and 
reference must bo made to standard works or to 
the manufacturer’s publications 
Thinners. — Many of the resms mentioned 
above are solids or very viscous liquids and 
before these can be pigmented or used as paints 
they must be reduced in viscosity or brought into 
solution For this purpose it is usual to employ 
organic liquids, either alcohols, esters, or hydro- 
carbons Ketones are also used to a less extent. 
Thus, shellac is usually dissoh ed in methylated 
spirits , linseed oil paints are thinned either with 
turpentine or “ ^vhlte spnit ” (a petroleum frac- 
tion boiling from about 100 to 190°c ) while 
some of the more highly polymerised resm 
varnishes, particularly alkyds, require a large 
proportion of aromatic hydrocarbon m the 
thinner. Nitrocellulose and related cellulose 
esters require mixtures of esters or ketones with 
alcohols and aromatic and aliphatic hydro- 
carbons, and the balancing of the various con- 
stituents of the solvent mixture has considerable 
influence on the final properties of the lacquer 
produced. 


Methods of Dispersion 
For all paint purposes it is necessary that pig- 
ments should be m a finely divided state and 
this IS usually arranged by the colour manu- 
facturer However, it is still necessary when 
making the paint to disperse the pigment in the 
medium and to ensure that the particles of pig- 
ment are thoroughly \\ettcd. To achieve this 
end, there is a number of types of null m common 
ubo in the paint trade. In most of these the 


pnnciple applied is that of shearing a viscous 
solution, although the actual viscosity of the 
mill “ base ” varies from type to type. The 
simplest means of dispersing is the rubbmg of 
the pigment into the medium on a ground glass 
or marble slab by means of a palette knife or 
“ muller.” The first graduation from this pro- 
cess IS the hand or power tinven “ cone ” mill 
m which the mixed ingredients of the paint are 
fed by gravity between one fixed and one rotating 
closely fitting surface, the lower one equipped 
with suitable means for removing the paint. 
“ Roller ” mills have been, and still are, very 
largely used for making all qualities of paint, 
although the exposure of materials on the open 
rolls makes them unsuited for use with volatile 
solvents The triple-roll machine (Fig. 1) will 
serve to illustrate the principle The three rolls, 
made of either steel or granite and of the same 
diameter, are revolved, in the direction indi- 
cated in the diagram, d is a flexible steel 
scraper to remove the finished product. The 
three rolls are geared to revolve at different 
speeds, c being the fastest , in some models the 
middle roller (b) has a lateral motion also The 
rollers are capable of being adjusted for 
proximity. The materials are mixed into a 
coarse paste either by a “ pug ” machine or by 



hand, and this is fed to the machine bet^v ocri the 
rollcis A and b The setting of those rollers will 
determine how much passes on to the underside 
of B and IS transferred to c, while the pressure 
bet^^ccn B and c will determine the extent of 
the final grinding One pass is normally suffi- 
cient for the usual ready-mixed paints while two 
or three passes are needed for the finer qualities 
of product. Two-roll and singlo-roll-and-bar 
mills are adaptations of the same principle and 
are used more particularly for refining of semi- 
dispersed products. 

The next important type is the “ ball mill,” 
wdiich consists of a steel cylinder mounted hori- 
zontally on its axis equipped with a suitable door 
for loading and for drawing off the finished pro- 
duct. The mill may be fitted with a jacket 
through which cold w^ater can be circulated for 
cooling purposes, and may also be Imed with 
stoneware blocks, particularly if it is desired that 
the product shall not be contammatod with steel 
flakes The mill is charged to half its volume 
(or more accordmg to the ideas of the user) with 
steel or porcelain balls the diameter of which 
may range from f to 1 J in. The mill is charged 
with the vehicle, pigment, and extra thinners, 
and run for the time necessary to secure proper 
dispersion; the pamt is then decanted. The 
advantages of this mill are that the whole 
operation is conducted under sealed conditions 
and there is no loss of volatile solvents. 


PAINTS. 


205 


In preparing pastes, either in oil or of the dis- 
temper type, the so-called “ edge-iunner ’’ or 
“ pan mill (Fig. 2) is of groat value. The 
diagram shows the general method of operation. 
The dispersion is carried out by a heavy steel 
wheel revolving in a steel pan. The scrapers a, 
B, and c direct the paste from the wheel and the 



sides of the pan so that it collects in the path 
of the wheel. Grinding is by shear between the 
wheel and the floor of the pan. A screw- operated 
door IS provided for emptying the mill. 

Another useful mill, of the heavy-duty type, 
particularly for dealing with thick pastes, is the 
“ Wemer-Pfleider ” or similar type. In section 
the mill is as shown in Fig 3 The two blades. 




( 6 ). 

Fio. 3. 


which are shaped as at (6), normally revolve m 
the direction mdicated, but at slightly different 
speeds. The resulting shearing of the stiff mass 
leads to excellent dispersions. 

Other mills, less commonly used, mclude the 
rod mills and mixers of the “ Banbury ” type. 


T\pes of Paint and Theik Uses. 

Havmg dealt with the ingredients and the 
machinery used in the manufacture it may bo 
opportune to consider the various classes of 
paints in use at the present time and the par- 
ticular circumstances of their application. In 
the first place it will be convenient to consider 
separately two major classes of pamt products . 
(i) those used for the decoration and protection 
of buildings, and (ii) those used m manufacturing 
processes, either mass-produced or otherwise. 
Before proceedmg with the first of these two 
groups, reference may be made to the admirable 
report on “The Pauitmg of Buildmgs” (Post- 
war Buildmg Studies, No. 5, H.M.S.O , 1945) 
and to the Codes of Practice at present under 
preparation by the British Standards Institution 
(Codes of Practice 2/4/1946, Decoration — Paint- 
ing and Subsidiary Codes) in which a great deal 
of valuable information regardmg the application 
of pamt products has been collected. 

The normal materials used in the pamting of 
buildings include primers, undercoats, and 
finishes. Where wood is to be painted the 
primer is adapted to seal the porosity and make 
a firm key for subsequent coats. A white-lead 
primer has traditional support and is usually 
composed of white load with up to an equal 
weight of extender ground in Imsoed od. Some 
mixing varnish, tlimners, and driers are added 
as required J^'or interior use, or where load 
paints arc objectionable, alternatives pigmented 
with lithopono or titanium oxide are generally 
used, though lithopone is not usually regarded 
as satisfactory for exterior exposure. The pio- 
portion of medium (or vehicle) will be adjusted 
so that a pamt havmg a fair sheen but not a 
glossy finish is produced. For interior work, it 
may be desired also to adjust the dry mg time 
by altering the pioportion of oil and varnish. 

For Oregon and Columbian pine and similar 
woods of marked gram and consequent varying 
porosity it IS usual to formulate a primer con- 
taining aluminium powder. This may be either 
of the normal typo of alummium powder dis- 
persed in medium, or may consist of a mixture 
of such a material with a pigmented product. 
In the priming of metal, the first objective is the 
prevention ot corrosion. By common usage, 
rod-lead primers have been employed for steel- 
work and it is certain that the majonty of crafts- 
men stdl favour their use. However, recent 
improvements in the properties of lead and zinc 
chromates makes those compounds quite attrac- 
tive as alternatives. The red-load primer of 
tradition is a simple dispersion of that pigment, 
with or without extender, m raw or boded Imseed 
oil (e.^., B.S. 1011). It has the disadvantage of 
bomg slow-drymg and many variants are now 
produced in which varnishes have been added to 
reduce the interval necessary before the appli- 
cation of the subsequent coats of the system. 
Thus, extended red-lead paints are required by 
B S. 1033 to dry within 6 hours. The number 
of possible chromate pnmers is very large and 
the whole range of vehicles is avadaUe for 
expenments. Attempts have been made to 
standardise some of these materials for special 
purposes m the specifications recently devised 
by the Ministry of Supply and Admiralty. The 
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priming of (emont and plaster suiface^ presents 
a wide held of investigation for the formnlator 
In gdieial the chief jirohlerns (oiuern the mois- 
ture content of immature* sui laces, the alkaline 
reaction of cement and lime, the consec|uent 
nsk of saponification of oils in the medium, and 
the varying ])orosity of plaster surfaces of 
diflerent typc‘H and nitthocis of finishing The 
main object of juirning must be to form a satis- 
fac'toiy basis for the subsc‘C|U(‘nt ccaits and the 
vehicle content of the {irimer must be* adjustc*d 
accordingly It is not good practice tc> paint on 
alkaline surfaces until they are thoroughly dry, 
and even then the* pigments and medium must 
bc' ( an fidlv sc lc‘c it d 

Undercoatmgs, where* thc‘y are applicsl, arc* 
designc‘d to bring forward the surface to an c \c*n 
colour and suitable* surf.icc* to ic*cc*ive the linish- 
ing c-oat 1 hc‘V arc* noi rnally c)f good opac itv and 
recjuirc the* use* of <\ high proportion of pigment 
to e\tc*nclc‘r, the* lattc*r bc*ing us(‘d chic‘fly to 
adjust the gloss It is n((c*ss<ii\ to bear in mind 
the suitability of an undercoat foi the* subsc 
Cjuc'iit finish it IS us(‘l(*ss to apply a land, 
cpnc k-clry mg finish ovc'i a soft undercoat The* 
pioportion of oil to v.irnish cornponc'nt is thc*re- 
forc* \c*ry impoit«int 

Finishing Coats ajijilied in normal clc*c orative 
practice aic* of c'xtic'inc* ciiveisity of tvpc* The* 
principal c Iassc*s may bc* suinmaiisc*d as follows 

1 (class fimshc's 

(c/) Oil t\ pc* 

(/>) Maid gloss t V pc* 

(i) Natural gum t \ pc* 

(ii) Svntlic'tic 
(r) 10nainc*ls 

2 Kggsli(*ll and Hat linishc*s (including the* 

c*inulsion-t V pc* wall tinislics) 

The* c»il tvpc* gloss linishc*s (cominonlv known 
as “ ic*acly .ini\c*cl ” paints) aic* c oinpo eel nsindlv 
of ])ignu*nt and an ap])ic*( lablc propoition of 
extender dispeiseci in raw linsc'c'cl oil with p<*ih.ips 
the* addition of bc)ilc*cl oil or light Iv boclic*cl stand 
oil and the necessarv drieis (c/ the composition 
formula* sc*t out in BN 2t)J, etc , and BS 
1dic*y arc* geneiallv of high wc*ight per gallon, 
yield a rather soft and not veiv gloss\ film, and 
aie usc*ful foi general maintenance work where 
jirotection is moic^ important than a])pc*aranc c* 

Ilard-gloss jiaints, jiartic ularlv those* intended 
foi inteiior use*, may be made fiom a very wide 
variety of vehicles Vox such interior finishes, 
the vehicle will usually have* a gum-to-oil ratio 
approximating to I I The* actual gum or resin 
selected dc*j)ends very much on tlic* experieiic*e 
and jieisonal prefeiciice of the operator but 
Congo copal and reduced phenol- formaldehyde 
resins have found extensive apjilic ation, while 
suc'h newer resins as the rnaleic* anhv elude adduc*t 
of rosin or the cyc/ohexariorie resins produc*ecl by 
1 G Karbenindustrie had paiticular advantages 
in colour retention 'riie alky ds hav e giv err good 
performance, and jiaituularlv those inoclihed 
with soya-bean oil have ex(*ellent c*olour reten- 
tion. Linseed-oil alkyds are rather prone to 
y ellowing m the dark, but interior finishes hav mg 
excellent levelling and flow properties and good 
gloss can be prepared fiom vehicles at about 


bO- 50% oil-length Some worker s have favoured 
the addition of natural resin to me rease the gloss, 
hut this practice is frecpiently attended by^ com- 
pensating clis,idvant«iges ot increased yellowing 
and reduc'cd durability 

Kcjr exterior gloss finish(*s most of the resins 
already noted c*an be usc*d satisfac-torily, al- 
though the* oil-lengtli of the vc*hicl(*s will iiecnl to 
he me reasc*cl, probably up to 70-75^(, for natural 
gums and lecluced phenolic*s and not less than 
foi the alkyds For extciior finishes, the 
pigmental ion needs to be c ontrolled moic* c losely 
'I he use*, for exainjilc*, of fre(*-f balking foi ms of 
titanium oxide is not pc‘nnissd)l(‘ unless suitable 
steps are taken to letard the rate of breakdown 
Fugitive (r)louis must he* avoid(*d, and due c*aie 
must bc taken to ensure* th.it the pigmentation 
IS compatible* with any^ local condition of atino- 
spliciic ])ollution (c (j , to icfram fiom using /inc 
oxide in inclustiial clistiicts vvheie the atmo- 
sphen* has a high content of moisture and sul- 
phui dioxide) 

Enamels arc*, by ti.idition, paints ol rather 
low opacilv hut producing films with brilliant 
gloss and excelli*nt flow 'Phe original enamels 
were* prc'parc'd from /me oxide ami extra pale 
linse(*d stand oils The precise significance of 
the term has now bc*en lost except vv ith the older 
< raftsmen and “ enamels ” now im hide produc’ts 
l)asc*d on syntlietie resins Jn general, howevei, 
thc*cjualitiesof gloss and flow arc still mairitaincHl 

Flat and Eggshell Finishes are usually em- 
ployed for interior decoration and theic* has 
icccntly been a maikecl bi.is in favour of the egg- 
sbell gloss on ac c ount of tin* impiovement ovei a 
j flat finish in ease of cleaning and of its ple.isant 
gc*nc*ral .ippc*<iianc c “ Fl.it " finisli may' be 
clc*tinc*cl as that which produc*es only the slightest 
‘->h(*c‘n whc'ii viewc'cl .itgl.incing incidence*, while* 

! “ (*ggshc*ll ” has a definite* shc*c*n for the* oidinaiy 
viewpoint and appic)ac‘hing full trloss at gl.uic irig 
inciclencc* Ihitli tyjies are made by adjusting 
the piopoition of pigment and mc*clium Tlie 
cost fac toi will decide whethei jmre jiigment oi 
(*xtendc‘i is to predominate, but it is essenti.il 
that the linishcxs should luive adc'ciuate opac it v 
.Some manufac tureis have used matting agents 
such as metallic stearates, and others have* in- 
c*or])oiated a siUtill amount of wax in the hiiish 
However, in view of its effect on the drying of 
suhsecpic*nt jiaini coats this practice is not 
ic*c*ommenclcd 

Two impoitant classes of de(*c)ratiye material 
vei\ closely related to paint may be eonsideied 
undei this c*ategory They are the oil-ernuLsion 
and distemper hnislies In the former, the 
ordmaiy' vehicle ot oil and gum dissolved in sol- 
vent IS replaced by' an emulsion of oil or oil 
V arnish in w ater (ilue oi c ascin is usually added 
as a “ piotective colloid and there are present, 
m addition, small cpiantities of presei v atives and 
stabilisers, although recent shortages of glue and 
casein have led to widespread investigation of 
other emulsions The ingredients arc usually 
mixed in a predetermined order and passed 
through some form of homogeinser to ensure the 
production of a satisfac tory emulsion The 
distemper class uses glue or casein, or a similar 
colloidal solution as the medium The pan mill 
is specially suited to the manufacture of both 
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groups of water paints The main diffeionee 
between the types is that while the oil-emiilsion 
products develop quite leasonable resistance to 
washing aftei a short period, the oil-free 
materials are at once w^ashed off if sponged dow'ii 
The latter are usually employed for ceilings and 
other locations wheie wavshing down between 
paintings is not likely to occur Both groups 
die chcapci to make and easier to apply than 
Hat oil-paints and theiefoie find favour whcie 
first-class vvoik is not recpiired 

Certain auxiliary matiTials m general use by 
decorators may be noted before consideration of 
speciality finishing pioducts which are being 
introduced to meet many important demands 

Knotting, commonly used as its name suggests 
for sealing the resinous exudation of knots in 
soft timber, is a solution of shellac in medhv lated 
spiiits Common putty, used for glazing and 
general stopping of impel fections, is a stiff paste 
of whiting (Cans white) in linseed oil Decorators 
sometimes use a haid stopping made on the job 
fioni white lead and gold-size (a cpiick-di^ing 
oleo-resinous varnish of short oil-lengtli) 

In the decoration and protec'tion of industnal 
installations there arise conditions ot humidit\ 
and involving the* presence* of chc*iniculs which 
make very severe demands on the paint 
Formeily, heavy coats of bitumen had been 
used wheiever a greater resistanc'e to c*orrosion 
was demanded Keeently, howevei, there has 
been a great drive to bnghten up the appeal anc*e 
of fac toners and every effort has been made 
to develop satisfactoi^V light-coloured paints 
i*airits that have given improved perfc)rmanc*e 
have fieen developed using chlorinated lubber, 
1()0®(, phenolic lesms, and more rec*ently the 
vinyl polymers Alcohol solutions of Manila 
copal foim satisfactory paints for piotecting 
battery terminals and boxes against sulphuiic* 
acid The pigmentation and addition of 
plasticisers to these materials have a very great 
effect on the performance of the paint, and the 
exact formulations of these produc ts are among 
the most jealouslv guarded secrets of the paint 
manufieturcrs 

A further class of decorative ancl protective 
paints that must not bo overlooked is that used 
in the marine field The interior decoration of 
jiassenger cpiarters of ships follows the broad 
principles alrc*acly outlined, but the pioteetion 
of a large aiea of steel plate rc*cpiires special 
care in selection of primers At the same time 
this extensive use of metal iricrcxases the troubles 
due to concUmsation, and the paints are therefoie 
recjuired to have inc*reaseci water resistanc*e In 
other areas the maintenance* painting of ships 
presents special problems In particular, the 
hull bc*low' the water-line reepnres special atten- 
tion If the voyage is likely to be interrupted 
bv calls m port of any but the biiefest duiation 
or if it extends into tropical waters, the paint 
film must not only be adequate for protec*tive 
purposes, but must also have toxic properties 
towards animal and vegetable organisms which 
tend to attach thernselv es to the surface These, 
if their growth is not controlled, offer consider- 
able extra frictional resistance to the passage 
of the ship through the w^ater, resulting in loss 
of fuel efficiency. (Details of foulmg organisms | 


j are giv'en concisely in a pamphlet entitled “ The 
i Fouling of Ships’ Bottoms Identification of 
Marine Growth,” London, The Iron and Steel 
I Institute', 11)44, see also V\)l 111, ) Faints 

[ formuhited to combat fouling usually contain 
compounds of copper or mercury (or both) 
Some have recently experimented wuth organic 
poisons The traditional medium for these 
paints IS a solution of rosin with minoi additions 
of plasticisers, etc The elhciency of an ” anti- 
fouling ” paint depends on the rate of solution 
of the poison b^ sea-watei, and the formulation 
must bo adjusted so that this is neithei too last 
nor too slow' to give optimum results between 
the peimanentlv immeised part and that part 
which IS always abov e the water lino (‘‘topsides ”) 
theie is the aiea between the light and deep loacl 
lines generally known as the “ boot-topping ” 
area Faints for this part have to w itlistand not 
onl}' the immersion and splashing with sea water 
but also the full elfect of noimal weatheiing 
In addition it is sometimes di'sned to iricludo 
anti-foiding ingredients Consecjuentlv , a loni- 
promise has to bo made and most boot -topping 
paints have relatively porir durability' 'J’lu* to[)- 
sides can be loatod satisfactorily with good 
quality oil r>i synthetic paints but proper atten- 
tion to priming is a paramount necessity The 
same remarks appl\ to prepaiations of the siiper- 
stiucturo lor jiainting and also to the pieliminaiy 
work on holds, ballast tanks, etc In the latter 
situations it is conveni(*nt to use relatively ipiick- 
diying paints, provided these are not so biiUlo 
as to Hake off i(*adily in contai't with cargo 

The pieparation and (‘ornposition of finish(*s 
foi industrial use are very much more complex 
than those designed for the ordinary deioiative 
market and it will be impossible in the scope of 
this article to give more than one or two general 
examples A definite distinction is at once 
ajiparent in the method of application of the 
paint to the artule to be coated Most decor, i- 
tive paint (still probably around 9.")%) is applied 
by brush For paints used in industry tlio figure 
IS probably leversed and not more than 
would be brush-applied Great advance's have 
been made in the development of spray tee hni(|U0 
and very many articles also are now' coated by 
dipping The other point of diHi'ience is that 
man\ ai tides painted in industry, from the 
smallest even to a motor car, an* cajiabh* of 
having the paint diied by application of h(*at 
The me.ans by which this is (lone yary with the 
article involved but there may bo noted th(^ 
alternative use of box and conveyor ov'ons and 
ele(‘tri( or gas “ ladiant heat ” installations It 
IS not possible in this article to enter into a dis- 
cussion of the relative merits of these alterna- 
tives and care should be taken by the user to 
consult both tlie paint manufacturer and the 
supplier of stoving ecpiipment before settling on 
his process 

Material giving satisfaction for industrial use 
ma> be formulated from the whole range of 
vehicles In recent years, however, the urea- 
formaldehyde and similar rosins have atti acted 
favourable comment by their property of being 
non-thermoplastic in the converted state, so that 
an article finished in these materials will be able 
to be stacked without risk of damage without a 
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long cooling period. The alkyds also have given 
good general service. Phenohc resins have 
found important specialised application m the 
electrical and food-canning industries, and m 
other uses where their particular properties make 
them of value. 

The wider development of the paint industry, 
alongside the plastics industry, is one of the 
most active fields of research at the present time 
For that reason this article has been kept in- 
tentionally in general terms and attempts only 
to indicate the fundamental principles of paint 
“ 8( lence ” For details of any specialised aspect, 
reference sliould be made to the appropriate sec- 
tion of this Dictionary or to the standard works 
on the subject, listed in the Bibliography below. 
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E G N. 

PALLADIUM. Sym. Pd, at. no. 4(3, at 
w t. 10(3 7 

Occurrence. — Palladium is found in all 
native platinum, generally to the extent of 
1-3% of the mineral It also occurs in nickel 
sulpliide oies, particularly those of the Sudbuiy 
district of Canada, from which the greater part 
of the World’s supply of new palladium is now 
obtained An alloy of gold with 8% of Pd occurs 
m small amounts in Brazil In South Africa the 
mineral stibiopalladuute^ PdgSb, occurs in some 
parts of tlie I\Iercnsky Reef, chiefly lu the 
Potgietersrust area, while most parts of the reef 
contain the mineral braggitey (Pt,Pd,Ni)S. 
Braggite is an important source of palladium, 
forming an appreciable proportion of the 
platinum mineral concentrate obtained from the 
Rustenburg mines , about 10, 000 oz. of pal- 
ladium are obtained per annum from this source, 
compared with inobably over 100,000 oz per 
annum from the matte derived from smelting 
the Sudbury copper-nickel ores, and only a few 
thousand ounces from the whole of the world’s 
output of native platmum. 

Extraction. — Both the Sudbury and the 
Rustenburg ores are smelted to obtain a copper- 
nickcl matte which is smelted with sodium sul- 
phate and coke to separate the nickel and copper 
sulphides, the platinum group metals following 
the nickel. In the Mond process the nickel sul- 
phide is roasted to oxide, which is reduced to 
I nickel sponge with water gas ; the nickel 4s then 
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removed as carbonyl by treatment with carbon 
monoxide, and the residue is smelted with lead 
and silver to sepaiato the platinum metals from 
basc-metal impurities The lead alloy is 
cupelled, and the resulting silver bulhon is boiled 
with sulphuric acid,' which dissolves the silver 
and palladium , on coolmg the acid most of the 
silver separates as sulphate , the remainder is 
precipitated as chloride and the palladium re- 
covered from the filtrate by precipitation with 
pure zinc 

In the electrolytic process the nickel oxide is 
smelted to crude metal, which is refined by eloc- 
troly sis in a nickel sulphate solution , the 
platinum metals accumulate in the anode slime, 
whi( h IS treated in a similar way to the carbonyl 
residues m the Monel process 

Pure palladium can be obtained by dissolving 
the crude metal, obtained as described above, 
in aqua regia, boiling the solution with hydro- 
chloric acid to destroy nitro-compounds, adding 
ammonium (hloiide and cooling to precipitate 
any jilatmum, and then oxidising the solution 
with sodium chlorate or permanganate to pre- 
cipitate ammonium chloropalladate, 

(NH^l^PdCle, 

this precipitate is redissolved by boiling with 
water until e\olution of nitrogen ceases, and the 
solution IS made amnioniacal, boiled until the 
pink precipitate first formed rcdissolves, filtered, 
and reacidified with hydrochloric acid to pre- 
cipitate chihlorodiamminopalladium, 

lPdCI,(NH3),] 

After cooling the yellow crystals are collected on 
a filter, w'ashed with cold water, diiod, and 
heated in air to expel ammonia and chlorine and 
leave a residue of slightly oxidised palladium 
sponge , this is converted into the pure metal 
by heating in hydrogen and cooling in carbon 
dioxide or pure nitrogen to avoid occlusion of 
hydrogen by the sponge 

In the refining of platinum mineral (r 
Platinum, Vol X) palladium remains in the 
mother-liciuors from the ammonium chloro- 
platinate jirccipitation , the solution also con- 
tains rhodium and iron, copper, and other base 
metals When the solution is warmed wuth 
sodium chlorate or permanganate and more 
ammonium chloride, the palladium is precipi- 
tated as crude ammonium chloropalladate If 
this precipitate is boiled with water and the 
solution cooled, traces of platinum and indium 
separate as ammonium chloroplatinate and 
chloroiridate , concentration of the filtrate and 
addition of more ammonium chloride afford on 
cooling brown crystals of ammonium chloro- 
palladite These crystals are separated from 
the mother-liquor and dissolved by boiling with 
ammonia to give tetrammme-palladous chlonde 
solution, from which the palladium is recovered 
as dichlorodiamminopalladium on addition of 
hydrochloric acid 

Properties. — Palladium is a silvery-whito 
metal of density 1 1 96 at 18°c. It has a cubic 
face-centred lattice wuth a=3 8825A (E. A. 

Owen and J I Jones, Proc Physical Soc. 1937, 
49 , 587). It melts at 1,554 4°c. and is therefore 
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the most readily fusible of the platinum group 
metals, it can readily be vaporised m the arc. 
At toinpeiaturcs around the moltmg-point 
palladium is appreciably volatile even in a 
neutral atmosphere. The thermal conductivity 
is 0 161 e.g.s. units at 0°c and 0 177 at 100°c. 
The thermal expansion for the range 2()-l,0()0°c. 
IS given by Holtzmann (Siebert Festschrift, 
1931, 147), as [1 + {1 0637x t()-6)(/ - 20 ) 

-f (4 594x 10-9)(f-20)^-(l 521 x 10-^^)(f - 20)3]. 
The true specific heat at temperatures up to the 
melting-point is given by the expression 
Cp-O 058378+(l 20548X 58x 10“iO)f2 

(F M. Jaeger and W. A. Veenska, Pioc. K. 
Akad. Wetensch Amsterdam, 1931, 34, 15) 
The electrical resistivity of palladium is 10 63 
microhm -cm at O^c., 14 3 at 100°c., and 40 0 at 
l,(KKPc The best value for the tempciatuie 
coefficient of resistance is probably 0 00377 for 
wire annealc‘d at l,000°o Palladium is thormo- 
electncally negative to platinum, the e m f at 
l,50(Pc of a palladium-platinum coujile being 
— 22 74 millivolts 

The hardness of pure annealed palladium is 
about the same as that of platinum (Vickers 
pyiamid hardness 37), but the commercial metal 
has an average hardness of 45 after annealing 
at 800-1, OOO'^c Cold-rolling rapidly inci oases 
the hardness to a maximum of about 1 10 V P 11. 
after 60% reduction in thickness The effix t of 
allowing with other metals on the baldness of the 
annealed metal is shown below' 


Alloying metal, % . 

Vickeis 

5 

pvramld hardne 
nuinbcr 

10 15 20 

Ruthenium . 

. no 

180 

— 

— 

Nickel . 
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185 

Indium . 

. 65 

90 

120 

157 

Osmium . 

. 65 

82 

98 

130 

Copper .... 

. 68 

85 

102 

no 

Silver 

62 

78 

87 

95 

Rhodium 

55 

61 

78 

85 

Platinum 

47 

50 

55 

6)0 


Annealed palladium has a tensile strength of 
12-13 tons per b(i in. with an elongation of 
40%, but its proportional limit is only about 2 
tons per sq. in The metal is very ductile and 
malleable and can readily be beaten out into leaf 
as thin as 4x 10“® in The hard- worked metal 
commences to soften at about 700°, but maximum 
diutility 18 obtained only by annealing at 600— 
900° , this annealing is preferably carried out in 
an inert atmosphere since the metal oxidises 
readily in air m the range 400-800°c Alterna- 
tively the metal may be given a very short 
anneal at 900° and quenched in water containing 
a little alcohol. 

Palladium readily absorbs hydrogen ; when 
the absorption takes place cathodically the 
maximum amount of gas taken up approaches 
the composition PdgH, but by exposing the 
metal to hydrogen under pressure the com- 
position PdH 18 closely approached Absorp- 
tion of hydrogen increases the hardness, tensile 
strength, and electrical resistance of the metal 
and decreases its ductility and density. Pal- 
ladium thimbles are used for “ filtering ’* 
hydrogen ipf^ special furnaces and other 
apparatus where very pure hydrogen is required 
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(E. S. Gilfillan, Trans. Electrochem. Soc. 1940, 
77, 43). Palladium-hydrogen is a powerful 
reducing agent and can be used for the catalytic 
hydrogenation of oils and fats, although nickel 
is generally preferred for this purpose. 

Palladium is not attacked by hydrofluonc, 
acetic, or phosphoric acids, or by dilute halogen 
acids or sulphuric acid It dissolves in hot con- 
centrated sulphuric acid slowly, but more rapidly 
in presence of an alkali sulphate or ammonium 
sulphate Nitric add, aqua regia, and the halo- 
gens dissolved in hydiochloric acid readily dis- 
solve the metal, as also do bromine, chlorine, 
icrric chloride, and hypochloiito solutions. 
Iodine stains palladium black owing to the for- 
mation of the insoluble di-iodidc, but sulphur 
has little tarnishing action at room temperature 

Alloys. — Palladium alloys with most metals, 
the binary systems with the following metals 
have been moie or less systematically studied, 
antimony (A T Grigoiicv, Z anorg Chem. 
1932, 209 , SOS), bciyllium (O Winkler, Z 
Metallk 1938,80,102), boron (A vSievcrts and 
K. Pinning, Z jih^sikal ( hem 1934, 168 , 412), 
(arbon (G ISicbcrt, D.lt P 0r)2,034) , chromium 
(G. Grubo and K Knabc, Z Elcktrodicm 19.30, 
42 , 793), cobalt (G. Giiibc and H. Kastner, 
'ibid 1930, 42 , 100) , copper (K Puer, Z. anoig 
Ghem 1911,51,223, Ji Tavlor, J Inst. Metals, 
1934, 54 , 255; E. \V doncs and C. Sykes, %bid 
1939, 65 , 419) , gold (W. Fracnkcl and A ►Stern, 
Z anorg Chcni 1927, 166 , 100), iron (A. T 
Giigorrt)v, xhid 1932, 209 , 295, K llultgien 
andC Zapllc, Trans Anicr Inst Min. l\Iot Eng 
1939, 138 , 58) , lead (li Pucr, Z anorg Chem 
1907, 52 , 345), manganese (G. Grubc and O. 
Winkler, Z Elcktrochcni 1939,45,781), nickel 
(E Heinrich, Z anorg Chem. 1913, 82 , 322, 
W Eracnkcl and A ytern, ibid 1927, 166 , 104) , 
ihoclium (G Tammann and 11 J Hoc ha, {Siebert 
Eestschnft, 1931, 309), silicon (P Lcibcau and 
P Jolibois, ConiiA rend 1908, 146 , 1028), 
silver (11 Pucr, Z anorg Chem. 1900, 51 , 315) 
Alloys of palladium witli 40®'o of copper, and 
with 80-90% of silver aio used for electrical 
contacts. Gold-palladium alloj^a are used in 
dentistry , the 80 20 allov has bcc'ii employed as 
a substitute lor platinum m making laboiatoiy 
ciuciblcs and dishes iSih ei -copper-palladium 
alloys aio used for cast dental jilates and for 
making fountain pen mbs 

Uses. — Pino imlladium contacts arc used m 
telephone icla^s, palladium leaf is used for pro- 
ducing white non-tainishing decorative oflects, 
and palladium plating is used for pioducing 
v\hito finishes on cheaj) jewellery. Hardened 
palladium is used as a substitute for platinum in 
jewelleiy, and palladium salts are employed in 
making special photographic printing papeis 
Solutions of palladous chloiide or the double 
jiotassium sulphite aie used for detecting carbon 
monoxide in the air of mines, etc. Various forms 
of palladium are used as hydrogenation or oxida- 
tion catalysts, the most useful foim being 6% 
palladised asbestos Colloidal solutions of pal- 
ladium are also emiiloyed as c'atalysts 

Palladium Compounds. 

Oxides. — Palladium Moyioxxde, PdO, is 
obtained in hydrated form as a brown precipi- 


tate when palladous chloride or nitrate solution 
18 boiled with a shght excess of alkali hydroxide 
or carbonate The preciintate becomes darker 
on drying, but does not lose all its viator until 
heated above 500°, at above 800°c it loses 
oxygen and is converted into the metal The 
anliydious oxide can be obtained by decom- 
posing the nitrate by heating, or by careful 
oxidation of the finely -divided metal in oxygen , 
the oxide prepared by these methods is dilhcultl^'^ 
soluble ill acids, whereas the precipitated 
hydrated oxide readily dissolves in mineral acids 
and in excess of caustic alkalis 
Palladium Sesquioxide, PdgOy, is obtained as a 
hydrated brown piecipitato at the anode on 
electrolysing a cold concentrated solution of 
palladous nitrate , it is unstable and readily 
decomposed by aci^s giving palladous salts 
Palladium Dioxide, Pd02, is obtained as a 
blown hydrated precipitate lesemblmg jne- 
eipitated manganese dioxide by boiling a neutial 
solution of sodium c hloropall.idite with sodium 
biom.itt oi, like manganese dioxide, by boiling a 
solution of the nitrate with sodium clilorate or, 
better, bromate On diying, the picupitate 
darkens and letains one molecule of water very 
tenaciously It dissolves in cold hydrochloric 
arid foiniing a solution of palladic chloride, 
boiling nitiu acid slowly dciomposes it, forming 
palladous nitiatc llydiogen leduces it to metdl 
with incandesi eiK'c , on heating at 20(K3' it 
decomposes mto the monoxide 

Fluorides. — Hygioscopic bln k ihombi( cryxs- 
tals of palladium trijluoude, PdFg, are obtained 
by heating palladium sponge at 500-b00 ’c fiMt 
in chloiine and then in lluoiine Tieatment of 
the solution with lediumg agents alToicK the di- 
chloride, PdPg* v'hidi (<in also be obtained by 
trc'ating the dichloride with hydiogon fluoride 
{ivult and Aschei, ibid 1929, 183, 193) 

Chlorides — Palladous Chloiide, PdClg, sub- 
limes as daik-ied needles when palladium sponge 
OI tlie monosuljihide is heated m diy chloiine 
The dihydrate, PdCl2,2H20, c ly^stallises as a 
brown hygiosiopic mass on evaporating a solu- 
tion of the metal in hydrochloric acid and 
chloiine, oi in aqua regia It is solulde in vvatei, 
giving a brown solution fiom w^hich silv^ei 
nitrate preciintatos PdCl2,2AgOH Similai 
(ompounds. aio given by addition of lead and 
thallium nitrates, indicatmg that iialladous 
chloride in solution may act as a dibasic acid, 
Hoi PdCl2(OH)2]. Palladous chloiide forms 
stable double salts with chlorides of the alkalis, 
alkaline earths, magnesium, zinc, cadmium, 
nicked, manganese, and ammonium , these com- 
pounds are usually formulated as deiivatives of 
chloi opalladous atid, H2PdCl4, although the 
acid itself has not been isolated The chloro- 
palladites are all soluble m water, usually 
c'ly'stallising in brown needles. The ca'sium and 
rubidium salts are the least soluble ignition of 
the ammonium salt affords palladium sponge 
w'lth high catalytic activity. 

Palladic Chloride, PdCl4, is not known in the 
free state, but only as double salts of the typo 
MJPdClg, corresponding to the chloroplatmates, 
with which they are isomorphous. They are 
relatively unstable, and on boiling with w^ater 
revert to ehloropalladites with evolution of 
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chlorine. Potassium, rubidium, and caesium 
chloropalladates are red to brownish-red m- 
soluble salts formed by treating the correspond- 
ing chloiopalladite in dilute hydrochloiic acid 
solution with chlorme or, better, the alkali metal 
permanganate 

Amynonium Chloropalladate, (NH4)2PdCl0, is 
precipitated as red octahedra by addition of 
sodium chlorate or potassium permanganate to 
a warm solution ot ammonium and palladous 
chlorides in dilute hydrochloric acid. The salt 
18 quite stable at room temperature, but rapidly 
decomposes in hot water with evolution of 
nitrogen and formation of palladous chloride. 

Palladous Bromide, PdBfg, is obtained by 
dissolving precipitated palladium in broinirie- 
hydrobromic acid and boiling oil the excess of 
bromine It resembles the corresponding chlo- 
ride in its properties and reactions Biomo- 
palladitos and -palladates are also known 

Palladous Iodide, Pd I g, is precipitated as a 
flocculent black compound by adding a soluble 
iodide to a slight excess of palladous chloride 
solution. It readily dissolves m excess of potas- 
sium iodide solution and yields iodine and pal- 
ladous oxide on roasting m air at 3()0-400''c 

Palladous Sulphide, PdS, is a biown pre- 
cipitate formed by passing hydiogcn sulphide 
through palladous chloride solution, it is 
probably hydrated. On heatmg ammonium 
chlorojialladate with sulphur a dark gieyish- 
black metalhc mass of PdS is obtained which 
melts at 950°c., losing sulphur and forming 
globules of a eutectic of palladium and a sub- 
sulphide w'hich resemble mercury in appearance 
while molten. Complete expulsion ot sulphui 
by roastmg in air is very dithcult owing to the 
fusibility of this cutcctic. Alkali thio-palladUes 
and -j^alladates have been prepared by fusing 
alkali hydroxides with sulphur and palladous 
sulphide in various proportions 

Palladous Sulphate, PdS04,2H20, sepa- 
rates in brown deliquescent crystals when a 
solution of palladium m concentrated sulphuric 
acid IS diluted slightly and allowed to ciystallise 
It hydrolyses on boiling with much water, yield- 
ing a brown Hocculent precipitate of basic 
sulphate. 

Palladous Nitrate, Pd (N 03)2, crystallises 
as dehquescent brownish-yellow, orthorhombic 
prisms when a solution of jialladium sponge in 
nitric acid is evaporated and cooled , its solution 
in water hydrolyses on boiling with the forma- 
tion of basic salts of indefinite composition 

Palladonitrites, MiPd(N02)4, are formed 
by boilmg palladous cliloride or nitrate solution 
with excess of alkah nitrite. The potassium 
salt, K2Pd(N02)4,2H20, readily crystallises in 
efflorescent, yellow, triclmic prisms. A solution 
of this salt m w ater acidified with a few drops of 
sulphuric acid and contammg sodium sulphate 
as conductmg salt can be used for palladium 
platmg 

Palladous Cyanide, Pd(CN)2, is formed as 
a yellow flocculent precipitate when mercurous 
cyamde is added to palladous chloride solution , 
this reaction serves to separate palladium from 
the other platmum metals. On ignition pal- 
ladous cyanide aiOfords palladium sponge, with 
evolution of cyanogen. 


Potassium Palladocyanide, 
K2Pd(CN)4,3H20, 

crystallises in colourless rhombic needles when 
a solution of palladous cyanide in potassium 
cyanide is evaporated. It is isomorphous with 
the corresponding platinum compound, loses 
2H2O at lOO^'c., and becomes anhydrous at 
200^c. 

Palladium Am mines. — When ammonia is 
added to a solution of ammonium chloiopal- 
ladite a pink precipitate is hist formed, but this 
dissolves on boiling and the solution yields 
colourless needles of tetrammine palladous 
Monde, LPd(N H3)4]Cl2, on cooling, this com- 
pound icadily dissolves in water, giving a 
colourless solution from which hydrochloric acid 
piecipitates bright yellow crystals of diMow- 
diamminopalladium, [PdCIglN H3)2] The pink 
ciystals mentioned above have the same 
emjHrical formula as these yellow crystals but 
are generally considered to be tetranimiuopal- 
ladiiim Moropalladite, LPd(NH3)4][ PdCl4] Ad- 
dition of excess of ammonia to palladium nitrate 
solution followed by boiling affords colourless 
needles of tetraminiue palladous nitrate, 

[Pd{NH 3 ),](N 03 ) 2 . 

which does not give a diammmonitrato-compound 
when floated witli nitric acid , with hydroc hlone 
acid, however, yellow [ PdCl2(N H 3)3] is pie- 
cipitated Palladonitrites w'lth aiumoiua yield 
diamminodimtnto pallad lum, 

[Pd(N02)2(NH3)2], 

which exists in and fraaiS-modifications , a 
solution of these compounds in ammonia 
furnishes a useful palladium plating solution. 

Detection of Palladium 

Three charaeteiistic loaitions sorv^o to dis- 
tinguish palladium fiom all otlicr metals, vi/ 
(1) precipitation of black palladous iodide when 
jiotassium iodide is added to the chloride solu- 
tion; (2) precipitation of yellow flocculent 
palladous cyanide when mercuric cyamde is 
added to a neutral chloride solution, and (3) for- 
mation of a bright yellow voluminous crystalline 
precipitate when an acid chloride solution is 
treated with dime thy Igly oxime solution. Hydra- 
zine precipitates metallic palladium from boiling 
solutions of the chloride, sulphate or ammmo- 
comiiounds , ferrous sulphate or alcohol precijn- 
tates the metal from boiling strongly acid sul- 
phate solutions. 

A. R. P. 

PALM OIL(?; this Vol., p 166) 

PALM SUGAR. Our, Jaggery A brown 
crude sugar obtained by collectmg the sap from 
certain tropical and sub-tropical palm trees, 
only a small propoition of the production is 
refined until it is white and granular. The names 
and habitat of the trees chiefly utilised for this 
purpose are Arenga saccharifera, sago palm, 
wild in Assam and Burma, cultivated m India ; 
Borassua fiabellifer. Palmyra or toddy palm, 
tropical Asia and America, Caryota urens, 
Indian sago or kitul palm, India and Burma, 
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Cocos nuciferaf coco-nut palm, East and West 
Indies , Nipa fruticunSy nipa palm, Philippine 
Islands, Pkoemx silvestris, toddy ptilm, wild 
date palm, East' Indies 

Ilrowmng and Symons (J 8 C I 1916, 35, 
1138) describe the tapping of the coeo-nut palm 
in Ceylon. The native tapper climbs the tree 
and cuts off a small piece tiom an undeveloped 
flower-spathc, and attaches a pot to the stump 
to collect the sap. The maximum daily j^ield 
was 4,738 e c , the total yield per sp.ithe \aried 
from 3i to 17^ gallons A small amount of 
slaked lime is plac ed in each collecting pot, which 
has the eflc( t <d checking the otherwise lapid 
spontaneous fermentation of the sap The 
freshly-collected sweet toddy contains 12 3- 
17 4% of sucrose and is consumed as a beverage 
The feimenU'd eifervescing June is known as 
toddy or palm wine. There is a huge demand 
fcir the pol<ible spirit, atr.ick {v V c)l 1, 467), 
which IS distilled, by wasteful native methods, 
from the fermented toddv V'lnegai, con- 
taining up to 6% of acid, as <i(etu acid, is .in 
alternative manufacture, earned out by pro- 
longed c\])osure of toddy to the air 

The juice not consumed as a beverage is 
evaporated in non pans until a s.imple sets on 
cooling 

One gallon of sweet toddy yields about IJ lb 
of jaggery oi crude sugar 

Gibbs (ibid 1911, 30, 1133) descubes sirmlai 
processes in the Philippines with the luico of the 
nipa palm which he eonsideis to bo an economic 
source of ]K)wei -alcohol 'J’he jaggeiy from 
the nipa-palm juice contained sueiose, 88 2, 
glucose, 3 3 , vvatei, 6 0, ash, 2 92% Milsurn 
and Dennett (B 1930, 436) who studied pioducts 
from Arenga sacchanfera estimate tlnit about 
70% of the sugar in the sap could bo obtained 
as white sugar of 99% jiolaiisalion Koxas 
{ibtd. 1930, 430) adds sodium bisuljihite to the 
sap to destroy a pero\idaso which is piesent 
The sap of Jhmissus flnhellifer contains 100 mg 
of aseoibie acid in 100 e c (Mitra, Amer Ohem 
Abstr 1942, 36, 2033) For analyses of coc*o- 
niit toddy, see Cowap et al , AnaUst, 1932, 57, 
627 Kao et al (Amei Chem Absti 1941, 35, 
6740) estimate the annual production of palm 
sugar and jaggciy in India to bo 130,000 tons. 
Detaik'ci information of tlie sugar palms is given 
by G. Watt, “Commercial Products of India,” 
London, 1908; I H. Burkill, “Economic Pro- 
ducts of the Malay Peninsula,” 2 vols , Crown 
Agents for the Colonies, London, 1935 

J. N. G 

PALUDR I N E N j-p-C^ilorophen^l-Ng-iso- 
piOpyl chguanide (biguanide) Aiitimalaiial drug 
{v Synthetic Dkuos) 

S. E 

PAMAQUIN. 2 2'Dihydroxy-l I'-dinaph- 
thylmethano-3.3'-dicarbo\ylic acid salt of 
6 - mothoxy- 8 - [8 - diethylamino - a - methylbutyl- 
animo] quinoline Plasmoquin Antiinalanal 
drug. B.P. Add IV and VI ; B.P.C. Supp III 
and VI (v. Synthetic Drugs). 

S. E. 

PANTOC A I N E . Dimethylammoethyl-p- 
butylaminobenzoate hydrochloride. “ Decicatn ” 
Local aiuesthetic (v. Synthetic Drugs). 


PANTOTHENIC ACID, 

CH2(0H) CfCHgJz CH(OH) CO NH CH 2 CH 2 COOH 

was the first vitamin to be discovered, isolated, 
and synthesised using as a basis an entirely new 
approach. Other vitamins had been discovered 
and concentrated bec*ause of their physiological 
cflects on animals , panthothenic acid was dis- 
covered and concentrated because of its effective- 
ness as a growth substance for micro-organisms 
(Williams et al y ,5 Amer. Chem 8oe 1933, 55, 
2912, 1938, 60, 2719, 8nell, Strong, and 

Peterson, ilnd 1938, 60, 2825) 

The use of micro-organisms in \itamin research 
has been extremely jiiodiictive (Williams, 
Science, 1941, 93, 412) Biotin had been 
isolated by Kogl as a substance promoting the 
growth of yeast in 1935 , its vitamin projieities 
were recognised in 1940, its structure and 
synthesis lepoited in 1942 and 1943 {see review, 
Hofmann, Adv. Enzymology, 1943, ill, 289) 
The vitamin properties of inositol, nicotinic acid, 
p-aminobenzoic aiud, pyiidoxal, pyiidoxamine, 
and folic acid have likewise been recognised as a 
result of inKiobiologiLil studies 
The name pantothenic acid (Greek, from every- 
wlierc) w'as given this substance because of its 
ubiquitous occurrence in diverse forms of Jiving 
material Evidence for its existence in the 
following biological phyla. Chordata, Arthro- 
poda, Echmoderms, Molluscs, Annulata, Plathyl- 
minthcs, Myxomycetes, Bacteria, Fungi, Algae, 
Spermatophytes, was presented m 1933 (Wil- 
liams et al y J Amor Chem Soc 1933, 55, 2912) 
It is the first vitamin whi(‘h has not been given 
an alphabetical name Since its widespread 
ocdiiicnce was noted it has been found that 
other ii-vitamins generally are likewise widely 
distributed in .ill oiganisms tested (Wood et al , 
Cmv of Texas Publ 1942,4237,84) 

Distribittion — The richest common souicc of 
pantothenic acid is liver, but “royal jelly” 
used by bees may be as much as G times as iich 
(Pearson and Burgin, Proc 8oc Exp. Jiiol 
Aled 1941, 48, 415) Veast is a rich source, 
fresh vegetables and fiuits are relatively good 
food sources (Cheldelin and Williams, Univ. of 
Texas Publ. 1942, 4237, 105) Pantothenic acid 
originates during the growth of green plants 
(McBuiney, Bollen, and Williams, Proc. Nat 
Acad. 8ci. [U S.A.], 1935, 21, 301) and certain 
bacteria (Thompson, Univ. of Texas Publ 1942, 
4237, 87) including those m the rumen of cattle 
(Wegner et al.y Proc. Soc. Exp Biol. Med 1940, 
45, 769) but not, so far as is known, in the tissues 
of higher animals. It was early found that 
pantothenic acid exists in tissues in a bound 
condition (Rohrman, Burget, and Williams, ibid 
1934, 32, 473) and is released only by autolysis 
or other enzymatic action Subsequently this 
was found also to bo true for other B- vitamins 
(Williams, Univ. of Texas Publ 1941, 4137, 
8 , Cheldelin et al , ibid. 1942, 4237, 15). 

Isolation . — The isolation of pantothenic acid 
from natural sources is extremely difficult 
Three relatively large-scale attempts have been 
made to do this. Williams and co-workers 
(J. Amer Chem. Soc. 1938, 60, 2719) obtained 
about 3 g. of 40% pure calcium salt and small 
quantities of salt of over 90% purity from 260 kg. 


S. E. 
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of sheep liver. The liver was autolysed to obtain 
a clear filtrate, undesirable bases were removed 
using fuller’s earth, and the active principle was 
adsorbed on activated charcoal. The charcoal 
was then eluted and the eluate evaporated to 
dryness on Kieselguhr m the presence of brucine 
and brucine oxalate. The residue was extracted 
with dry chloroform and the mixture of brucine 
salts was fractionated by a laborious process, 
involving distribution between immiscible sol- 
vents This step alone occupied about 6 months 
The brucine salts thus obtained were converted 
to the stable calcium salt and fractionated 
further with solvents and solvent mixtures. 

Subbarow and Hitchings (ibid. 1939, 61, 1616) 
followed a modified procedure based upon that 
of Williams and obtained 510 mg of about 75% 
pure calcium salt from 160 kg of liver. 

Kuhn and Wieland (Ber. 1940, 73 [B], 962) 
started their work with 4 tons of fresh tunny 
liver They used various precipitation pro- 
cedures to remove inert material, and charcoal 
to adsorb the active substance By precipitating 
the active principle with barium hydroxide m 
methanol and making use of chromatographic 
adsorption on alumina they obtained material 
of about 6% purity They obtained pure 
pantoic lactone from this product and concluded 
that pantothenic acid from this source w'as 
identical with that obtained by Williams fioni 
mammalian liver Stiller, Keresztesv, and 
Fmkelstem (J Amer Chem Soc 1940, 62, 1779) 
had previously isolated pantoic lactone from 
liver concentrates of pantothenic acid 

Quantitative Determination — The most widely 
used methods for the quantitative determination 
of pantothenic acid are based upon the original 
findings of Snell, Strong, and Peterson {ibtd 
1938, 60, 2825) and involve the use of Lacto- 
bacillus casei as the test organism Various 
interfeiing substances have been discovered and 
means of overcoming most of them have been 
devised (Thompson, Cunningham, and Snell, 
J Nutrition, 1944, 28, 123) A number of other 
bacteria have also been used for pantothenic 
acid assay ; Proteus rnorgann (Pelczar and 
Porter, J. Biol. Chem 1941, 139, 111), Strepto- 
coccus lactis (Mitchell et al , J. Amcr Chem Soc 
1940, 62, 1776), Streptobacterium plantarum 
(Kuhn and Wieland, Ber 1940, 73 [B], 962), and 
Lactobacillus arabinosus 17-5 (Skoggs and 
Wright, J. Biol Chem 1944, 156, 21 , Hoag, 
Sarett, and Cheldelm, Ind. Eng Chem. [Anal.], 
1945, 17, 60) Some of those, especially the 
last, have advantages over the widely used L, 
casei. 

In case micro-organisms are used for assay 
organisms the pantothenic acid must be brought 
into solution before the tests can be applied. 
Bound forms must be rendered available, and 
the completeness of the extraction determines 
in part the character of the result (Cheldelm 
el aL, Univ. of Texas Publ 1942, 4237, 15). 

Chicks have been used most extensively for 
pantothenic acid assay by Jukes (J. Biol. Chem. 
1937, 117, 11 ; J Nutrition, 1941, 21, 193). 
Such a determination requires a two-week 
growth-period and has obvious disadvantages, 
but bound forms of pantothenic acid are pre- 
sumably rendered completely available in the 


digestive tract. Values obtained by the chick 
method agree in general with the bacteriological 
methods, but there are discrepancies in the case 
of some materials, notably yeast, which have not 
been completely elucidated 

Synthesis — Pantothenic acid may be syn- 
thesised by the interaction of a jS-alanine ester 
and pantoic lactone. Williams and co-workers 
first used this method on a small scale using the 
crude lactone from natural sources (Science 1939, 
89, 486 , J Amcr Chem Soc 1940, 62, 1784). 
Stiller et al. {ibid 1940, 62, 1779) identified the 
lactone from pantothenic acid as a-hydroxy- 
j8j3-dimethyl-y-butyiolactonc, which had pre- 
viously been synthesised by Glaser (Monatsh 
1901, 22, 66), and developed the synthesis on a 
practical scale (Stiller et al , J Amer Chem. Soc. 
1940, 62, 1785) This synthesis was also 

developed independently by Reichstein and 
Onissner (Helv Chim Acta, 1940, 23, 650) and 
Kuhn and Wieland (Ber 1940, 73 | B], 971), who 
in the latter case used the benzyl ester and 
subsequently removed the benzyl group by 
hydrogenolysiH 

The use of j8-alanino esters is undesirable, due 
to their instability and to the fact that after 
(‘ondensation the ester group must subsequently 
bo removed by a mild tieatmcnt which will not 
cleayo the pantothenic acid itself Hydrolytic 
(‘leavago of aliphatic esteis ^\ithout substantial 
cleavage of the acid can, however, be accom- 
plished Another method which obviates these 
diffi( ulties involves the interaction betw'con 
pantoic lactone and a salt of j8-alanino This 
was first done with crude lactone and later in 
excellent yield by melting together the dry 
lactone and sodium salt (Williams et al , J Amcr 
Chem Soc. 1940, 62, 1784). Babcock and 
Jukes {ihtd 1040, 62, 1628) earned out the same 
reaction using an aqueous solution IMoore 
(IT S P. 2234680, 1941) has obtained panto- 
thenic acid by condensation of pantoic lactone 
with free j8-alanme 

Stereochemistry — Pantothenic acid exists in 
two optically active forms, since the pantoyl 
group bears an asymmetric carbon atom. 
Natural pantothenic acid in the form of a pale 
yellow viscous oil is dextrorotatory 4-37 5°. 
The calcium and sodium salts are likewise dextro- 
rotatory, with rotatory powers [a]^^ -f 24 3° and 
Wd +2^ respectively The lactone is 
Iflevorotatory [a]p —49 8°, and yields a strongly 
dextrorotatory amide [a]^® +52° and was con- 
cluded to have the J-eonfiguration 

Synthetic pantoic lactone has been resolved 
using quinine methohydroxide (Major and 
Fmkelstem, J Amor Chem. Soc 1941,63,1368), 
pantothenic acid has been resolved by the use of 
quinine and cinchonine salts (Stiller et al , ibid 
1940, 62, 1785, Kuhn and Wieland, Ber. 1940, 
73 [B], 971 , ibid 1941, 74 [B], 218) and by use 
of its quinine methohydroxide salts (Stiller and 
Wiley, J Amer. Chem. Soc 1941, 63, 1237) 
Only the natural form of pantothenic acid is 
physiologically active in organisms so far 
examined. 

Physiological Activity . — Since pantothenic acid 
is an indispensable constituent of all kmds of 
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organisms, it must, in the case of each organism, 
either be synthesised by the organism or 
furnished as a nutrient. In the latter case the 
organism will, under appropriate conditions, give 
a growth response to pantothenic acid. Such 
growth responses have been observed in the case 
of yeasts, vanous bacteria, moulds, liverworts, 
seedling plants, protozoa, insects, fowls, mice, 
rats, dogs, hogs, and monkeys (Williams, Adv 
Enzymology, 1943, m, 253) 

The first observations which may be attributed 
to the effects of pantothenic acid were those of 
Wildiers (La cellule, 1901, 18, 313), who postu- 
lated the existence of a hypothetical substance, 
“ bios,” indispensable for the growth of yeast 
Though the effect observed at that time was 
somewhat mixed, it is clear that pantothenic acid 
was involved, since in some experiments “ bios ” 
was destroyed by mild alkaline treatment and 
biotin 18 thereby ruled out as the active sub- 
stance. 

The first animal experiments m which a panto- 
thenic acid effect was involved were probably 
those of H. L Williams and Waterman (J. Biol 
Chem. 1928, 78, 311), who discovered “ vitamin- 
5g,” an unidentified factor essential for pigeons. 
According to present evidence, pantothenic acid 
was the outstanding agent involved (Lee and 
Hogan, ATissoun Agnc Exp Rta Res Bull 1942, 
342 , Carter and O’Brien, Biochem. J 1939, 33, 
1810). “ Chick dermatitis ” was discovered 
later (Norris and Ringrose, Science, 1930, 71, 
643 ; Kline et al , J. Biol Chera 1932, 99, 295) 
This also involves pantothenic acid deficiency 
primarily though in the earlier oxpenments, at 
least, other doficicncios were superimposed 

In chicks a deficiency of pantothenic acid 
causes a cessation of growth in which all of the 
tissues become deficient and affected (Snell, 
Pennington, and Williams, ibid 1940, 133, 559) 
Spinal-coid lesions as well as thymus involution, 
keratitis, dermatitis, and fatty livers, were 
found to accompany pantothenic acid defficiency 
(Phillips and Engel, J Nutrition, 1939, 18, 227). 
Feather depigmentation in black chickens has 
also been observed to accompany pantothenic 
acid deficiency (T. C. Groody and M. E Groody, 
Science, 1942, 95, 655). Hens on a pantothenic 
acid-free diet continued to lay eggs but the eggs 
were poor m pantothenic acid and their hatch- 
ability was nearly zero (Gilhs, Heuser, and 
Norris, J. Nutrition, 1942, 23, 153). Increasing 
the content of eggs by feedmg pantothenic acid 
can be accomplished (Snell and Quarles, ibid, 
1941, 22, 483), and such a result increases the 
hatchabihty of the eggs (Taylor, Thacker, and 
Pennington, Science, 1941, 94, 542) The panto- 
thenic acid requirement of chicks according to 
Jukes IS about 1 4 mg per 100 g of diet 

In young rats a deficiency of pantothenic acid 
causes adrenal cortex damage (Daft and Sebrell, 
U S Pub Health Rep 1939, 54, 2247 , Daft et 
al.y tbtd, 1940, 55, 1333) as a prominent effect 
A number of the symptoms such as increased 
appetite for salt, “ blood caked whiskers,” may 
be attributed to this damage. Another prominent 
effect is greying of the hair which has been 
experimented with in many laboratories (Wil- 
liams, Adv. Enzymology, 1943, iii, 253) 
While other factors may cause greying of hair, 


pantothenic acid deficiency regularly has this 
effect in rats — a condition which can be reversed 
by pantothenic acid administration. In addi- 
tion to those conditions already mentioned, 
haemorrhages under the skin (Unna, J. Nutrition, 
1940, 20, 505), kidney and heart damage and 
sudilen (ieath (Siipplee, Bender, Kahlenberg and 
Babcock, Endociinology, 1942, 30, 355), thinness 
of epiphyseal cartilage of the tibia (Ashburn, 
U.S Pub Health Rep 1940, 55, 1337) have been 
attributed to pantothenic acid deficiency An 
abundant supply of pantothenic acid causes an 
increased litter size in rats (Taylor, Pennmgton, 
and Thacker, J Nutrition, 1943, 25, 389) 

The daily requirements of pantothenic acid for 
laboratory rats is 80 /ig. to 100 /ig The require- 
ment decreases with age (Unna and Richards, 
ibid 1942, 23, 545). 

The status of pantothenic acid as a vitamin for 
mice is comjilicatcd by interrelations with 
inositol Greying of hair in mice has been 
obseivcd as a result of deficiency, and under 
proper conditions extensive loss of hair (alopecia) 
can be produced by deficiency of pantothenic 
acid and cured by its administration (Mai tin, 
^Science, 1941,93,422, Woolley, J Exp Med 
1942, 75, 277) Among the other general symp- 
toms and pathological changes resulting from 
pantothenic acid deficiency in mice are spinal 
curvature, serous exudate around the eyes, a 
kicking twitch of the hind legs (Sandza and 
Cerecedo, J. Nutrition, 1941, 21, 609), myelin 
degeneration in sciatic nerves and spinal 
cord accompanying paralysis, hypcrkeratotic, 
atrophic, and desquamative dermatosis and loss 
of weight in adults (Morns and Lippincott, J 
Nat Cancer Inst. 1941, 2, 29) The lack of 
adrenal injury is notablo* Increase of litter size 
in mice results from an abundant supply of 
pantothenic acid (Taylor, Pennington, and 
Thacker, J Nutrition, 1943, 25, 389) The 
pantothenic acid requirement of mice is approxi- 
mately 30 /xg. per day 

Pantothenic acid deficiency in dogs produces 
a different picture (Schaefer, McKibbin, and 
Elvehjem, J Biol Chem 1942, 134, 321) Sud- 
denness of failure is outstanding. Often they 
oat normally up to the day of their death from 
the deficiency. Mottled and fatty livers, 
mottled kidneys, hcemorrhagic kidneys, gastritis, 
severe enteritis, and intussusception in the 
pyloric and lower ileum regions were observed 
on autopsy. The adrenal glands were mostly 
normal The carbohydrate digestion and ab- 
sorption in dogs was found to be increased by the 
addition of pantothenic acid to the diet of dogs 
already receiving a good diet (Russell and 
Nasset, J Nutrition, 1941, 22, 287) The panto- 
thenic acid requirement of young puppies is 
estimated to be about 100 /xg. per kilo of body 
weight per day 

For hogs, pantothenic acid deficiency causes 
slow growth of young, rough dry coat, emacia- 
tion, loss of hair, congested, haemorrhagic, and 
ulcerated areas in the stomach and large intestine 
particularly, and a peculiar lack of co-ordination 
w^hich results m ” goose stepping ” with the hind 
legs (Hughes and Ittner, J Animal Sci. 1942, 1, 
116) GastrointcNtinal symptoms are prominent 
as m dogs. Growmg pigs are thought to 
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require about 10 mg daily for each 100 lb. 
weight 

Normal human beings excrete something over 
3 mg. of pantothenic acid per day and their 
requirements are estimated to be about 10 mg. 
per day Clear examples of uncomplicated 
pantothenic acid deficiency m human beings 
have never been observed or produced Human 
experiments have indicated that pantothenic 
acid administration may be effective in some 
cases of peripheral neuritis, Korsakoff’s syn- 
drome, and delirium tremens (Williams, Adv 
Enzymology, 1943, m, 263) Its effects on 
greying of hair in humans has not been ex- 
tensively studied and some contradictory results 
have been obtained 

Pantothenic acid deficiency affects all tissues 
and organs , m different animals the results of 
deficiency are manifest in different ways The 
number of tissues visibly affected including all 
animals is very large, and it is obvious that wide- 
spread disorders may result from its deficiency. 

The fundamental role of pantothenic acid is 
thought, from analogy with other vitamins, to 
involve some enzyme system, the exact natuie 
of which has not been clearly elucidated. There 
are strong indications, however, that it may be 
involved in the aerobic metabolism of pyruvic 
acid (Dorfman, Bcrkman, and Kosor, J Biol 
Chem 1942, 144, 393 ; Teague and Williams, 
J. Gen. Physiol 1942, 25, 777 , Hills, Biochcm 
J. 1943, 37, 418). 

Pharmacology, *— Administration of panto- 
thenic acid to normal animals or human beings 
IS practically without effect The lethal dose for 
mice and rata is in terms of grama per kilo of 
'body weight. A 10% solution can be instilled 
into the conjunctival sac or injected into rabbits 
without irritation or inflammation. Monkeys 
fed 1 g per day were unharmed after six months, 
and dogs and cats survived unharmed a similar 
period dosages up to about 2,000 times their 
daily requirement (Unna and Greslin, J 
Pharmacol 1941, 73, 85) Human beings failed 
to respond so far as blood pressure, pulse, 
temperature or respiration was concerned when 
100 mg. was injected (Spies et al., J. Amer, 
Med Assoc. 1940, 115, 623) 

Derivatives and their Specificity — Among the 
substances structurally related to pantothenic 
acid, the following have the physiological 
acti vity of panthothenic acid when admmisterod 
to the organisms indicated . hydroxypanto- 
thenic acid — limited activity for micro-organisms 
and rats (Zschiesche and ]\Titchell, Proc Soc 
Exp. Biol. Med. 1940, 45, 565) , alkyl panto- 
thenates — ineffective for yeast and bacteria but 
fully effective for rats (Grussner, Gktzi-Fichter, 
and Reichstem, Helv Chim Acta, 1940, 23, 
1276) , ethyl monoacetylpantothenate — ineffec- 
tive for micro-organisms but fully effective for 
rats and chicks (Unna and Mushett, Amer. J 
Physiol. 1942, 1^, 267) ; pantothenyl alcohol 
— ineffective for micro-organisms but fully 
effective for rats (Pfaltz, Z. Vitammforsch 1943, 
13, 236 ; Amer. Chem. Abstr. 1944, 38, 6339). 
Pantoyltaunne is antagonistic to pantothenic 
acid for micro-organisms, but its effect may be 
overcomo by an excess of the vitamm (Snell, 
J. Biol. Chem. 1941, 141, 121). 


Pantoyltaurine, 

CH2(0H) CMe 2 -CH(OH) CO NH CH 2 CHj SO3H, 

is a sulphur analogue of pantothenic acid. When 
introduced into the culture media of organisms 
requiring exogenous pantothenic acid, it acts 
antagonistically to pantothenic acid and may 
cause cessation of growth. It is thought to act 
by blocking out the vitamin, and its effects can 
in general be overcome by a high concentration 
of pantothenic acid (Snell, ih\d 1941, 139, 975 , 
ihid, 1941, 141, 121) Pantoyltaur amide has a 
similar but loss marked inhibitory effect 
(Mcllwain, Biochem. J 1942, 36, 417). 

R. J. W. 

PAPAIN. This is the name given to the 
proteolytic enzyme which occuis in the latex of 
Garica papaya. Preparations from this source 
may contain two separate, but very similar, 
enzymes, which are sometimes termed papain 
and chymopapain (Bergmann, Zervas, and 
Fruton, J. Biol. Chem 1936, 115, 593 ; Berg- 
mann, Fruton, and Fraenkel-Conrat ihid 1937, 
119, 35). Both the enzymes have been obtained 
crystalline by Balls and his colleagues (Science, 
1937, 86, 379; J Biol Chem 1939, 130, 669, 
1941, 137, 459). 

The isoelectric point of papain is pH 9 and 
its molecular weight (from osmotic pressure 
measurements) about 27,000. The typo of 
proteolytic activity it displays is similar to that 
of trypsin, and it attacks most proteins, pio- 
tooses, and peptones. Its activity can bo mea- 
sured by milk clotting, hiemoglobin hydrolysis, 
or by the hydrolysis of hippurylamide (Balls and 
Linew'oaver, ihid. 1939, 130, 609). 

H. G. B. 

PAPERMAKING. The term “ Paper ” is 
correctly applied only to sheet materials made 
by felting together tho vegetable cellulose fibres 
which are contained m almost all plant materials. 
The first stage of papormaking therefore consists 
in isolating the cellulose fibres from tho other 
constituents of tho living plant and in purifying 
and bleaching them. In cotton, fine long fibres 
of nearly pure cellulose grow on the outside of 
tho cotton seed husks and form the simplest 
source of the material from which paper may bo 
made. The longer of those fibres which can be 
pulled off free from husk are so easily spun and 
woven into cotton cloth that they are too 
valuable to be used for paper. When however 
the cotton cloth has been used for clothes or 
curtains until worn out tho rags are collected 
and make excellent mateiial for fine paper. 
Actually, paper was first made from cotton rags 
when the Chmese endeavoured to find something 
cheaper than silk on which to pamt their letters. 
They discovered that rags could be pounded 
down to a suspension of short cotton fibres by 
beating the rags in water, and that when the 
water was drained away from a thin layer of 
such a suspension the remaining mat of felted 
fibres when dried held together as quite a strong 
sheet. 

It was soon found that this cohesion of the 
felted fibres to one another when the mat was 
dried was tho property of cellulose fibres alone 
and not shared by wool or silk or hairs. 

It is now known that it is not shared by any 
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artificial fibres even when these are composed 
of cellulose. It is a property of every naturally 
occurring cellulose fibre when separated from the 
.materials in which it is embedded in the plant, 
though, naturally, due to differences in size, 
shape, and chemical quality of the cellulose, the 
fibres of some plants make much better paper 
than otheis 

The cellulose fibres in any plant arc distinct 
entities of a length and width approximately 
equal throughout any one plant, though some 
plants show at least two types of fibre The 
dimensions of these fibres vary enormously from 
one spec u^s to another The fi bres are embedded 
in the j)lant in a very undefined material called 
lignin Associated with this lignin are carbo- 
hydrates, pectins, and small quantities of 
metaihe salts, all of which must be substantially 
removed to free the cellulose fibres for paper- 
making As long as any considerable proportion 
of ligneous material is adhering to the fibre sui* 
faces these will not bind together strongly when 
the mat of felted fibres is dried, and no strong 
paper can be made In order to make paper of 
anything other than cotton lags a method must 
first be devised to free the cellulose fibres from 
the cnciusting materials The first method of 
this kind was invented not for papermaking but 
to obtain flax fibies for spinning and weaving 
into linen and consists simply in leaving the flax 
stalks in water until the encrusting materials aie 
so softened by rotting that they can be scraped 
away from the flax fibres When papermaking 
spread from the East to Europe, linen w^as more 
common than the (otton the (’hinese used 
These were received as dirty rags and w'ere 
boiled to remove the diit , potashes, later wash- 
ing soda and tlien caustu soda weie used m the 
boil to help the cleansing With the coming of 
steam engines and pressuie steam this boiling 
of duty or coloured rags began to be carried out 
in rotating steam heated boilers under pressuie 
Thus when the demand for paper began to exceed 
the supply of rags there was both the apparatus 
and the skill available to enable the effect of a 
caustic boil to be tiied on materials other than 
rags 

Among the materials first used in this way 
were straw' and wood With straw, consider- 
able success was achieved, since by boiling long 
enough with a sufficiently strong caustic liquor 
all but the cellulose libies dissolved and could 
be washed away, after which the remaining fibres 
c ould be bleached Some quite good samples of 
straw paper nearly 100 years old are still in 
existence With the steam pressures then avail- 
able no success was obtained with w'ood, but 
since wood is plentiful and easier to transport 
than straw, efforts went on vigorously to find a 
method of getting a pulp of cellulose fibres from 
wood. 

When higher steam pressures became available 
it was found that at 100 lb. per sq in. wood 
could bo boiled to a pulp by caustic soda This 
soon led to the discovery that spruce wood gave 
better fibres for paper than any other. Caustic 
soda is not vciy cheap and it was discovered that 
it could be replaced by the much cheaper sodium 
sulphate. When the liquor from such a boil is 
concentrated and the residue roasted, sodium 


sulphide 18 formed. This is dissolved and re-used 
along with some fresh sulphate so that the boil 
18 actually carried out in a mixture of sulphide 
and sulphate Many efforts were made to find 
an acid method of pulping wood, and eventually 
it was found that sulphurous acid mixed with 
more or less sodium or calcium sulphite would 
dissolve the lignm at high tempciatures without 
atta( king the cellulose This was v cry fortunate, 
since sulphurous acid is cheaply made by burning 
sulphur or iron pyrites and dissolving the sulphur 
dioxide formed in water In this way the sul- 
phite process, by which most of the paper pulp 
in the world is now made, was developed 

Alongside this development of methods of 
pulping wood the search w ent on for other plants 
which would yield good paper pulps The out- 
standing discovery was the esparto plant, a 
plant growing in clumps of tough grass-like 
shoots some 2 ft long on the sand dunes of the 
Mcditen anean coast, particularly in North Africa 
This boils in caustic more easily than straw to 
give a pulp easy to bleaf’li and yielding a paper 
of pei'uliar excellency for high-grade printing. 
This material was developed rapidly for paper- 
making in the Biilish Isles, paiticularly in Scot- 
land It could be im])oitcd cheaply as a return 
caigo foi boats cairying Biitish coal to Italy 
The excellem e of this plant led to the complete 
nc‘gle(t of stiaw, which is the only papeimaking 
raw matenal which grows in sufficient quantity 
in Great Biitain to make .my appreciable contri- 
bution to British })<i})er needs Conditions were 
thus made very difficult foi this country during 
the early days of the i931)-”45 war, when all 
supplies of esparto and all usual sources of wood 
pulp were cut off H owever, before the end of the 
war the papermakers dc\ ised methods for pulping 
stiaw winch would make it possible to build large 
straw -pulp mills sufficient to cnsuie vital paper 
supplies in any future emergency, and also to 
satisfy as much of the nation’s needs as possible 
from home-grown material. 

A brief description follow's of the four mam 
processes of pioduiing pulp for papermaking 
referred to above . 

1 The preparation of rag pulp from rags. 

2 The preparation of esparto and straw' pulp 

by boiling in caustic. 

3 The sulphate w'ood-pulp process 

4 The sulphite wood-pulp process. 

The Preparation of Rag Pulp. 

Although rag merchants sort into grades the 
rags they sell this is not done carefully enough 
for fine-paper manufacturers, and the first step 
in the process is to sort the rags, removing but- 
tons and any metal pieces, elastic or anything 
containing rubber, and all pieces of silk or wool 
or of any artificial fibre, if the best papers are to 
be made. For lower grades, pieces containing 
cotton or linen with a percentage of artificial 
fibre are sometimes used but the artificial fibres 
contribute nothing to the paper strength and 
are m fact merely loading material. After sort- 
ing, the rags are cut in a rotary cutter into pieces 
2 or 3 ms. square. In some mills this is still done 
by hand either wholly or in part during the sort- 
mg process After cutting, the rags are dusted 
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by passing down a rotating cylinder covered with 
a wire gauze through which the dust falls After 
dusting, the rags arc boiled in slowly rotating 
spheiical or cyliudiical steel boilers capable of 
holding from 1 to 3 tons of rags. The boiling 
liquor 19 always alkaline, being either caustic 
soda, sodium carbonate, lime, or lime and sodium 
carbonate mixed Occasionally, a little sodium 
silicate or clay is also added to help to remove 
grease, and, recently, emulsifying agents have 



been used The ratio of water to rags varies 
from 3 1 to 4.1 and the ratio of alkali to lags 
vanes enornioualy from 1% to about !•'>% 
according to the amount of dirt, colour, or sizing 
materials which have to bo removed The steam 
pressure used varies from 5 lb up to about 50 lb 
per sq. in and the time of boiling from 2 to 14 
hours 

This boiling produces no important chemical 
01 physical change in the cotton or linen fibres 
of which the rags are made but is designed merely 



Fig. 2 — Cylindrical Rag-Boiler 


to loosen or dissolve any noncellulosic materials 
present. 

After boiling, the liquor is drained off and in 
some cases the alkali is recovered The rags are 
rinsed in the boiler, sometimes with hot water, 
and from the bottom upwards to float and wash 
away melted grease. The rags, which are still 
in the piece, are strained and let out of the boiler 
into boxes for removal to the next stage, which 
18 breaking-in and w^ashing. These processes are 
carried out simultaneously in a rdfctangular 
trough-shaped vessel in which the rags are placed 


with about 20 times their weight of water and 
propelled by a roll bearing bars and dipping half 
into the trough and rotating a short distance 
above a bedplate with similar bars. 

The squeezing and bruising of the rag pieces 
between the bars on the roll and bedplate as 
they are moved round the trough by the rotating 
roll slowly disintegrates the pieces into threads 
and finally into the fibres from which the threads 
were spun, at the same time loosening any dirt 
which was enmeshed m the rag structure. While 
this breaking-m process is going on, a stream of 
clean water is run continuously into the trough 
and removed by a cylindrical rotating drum 
covered with a wire gauze covering and fitted 
inside with scoops which remove the water 
through the axle on which the drum rotates. 
In this way a pulp of clean freely dispersed 
cotton or linen fibres is produced. This has then 
to be bleached white if it is to bo used for fine 
papeis. 

The Preparation of Esparto and Straw 
Pulps. 

For pulping these materials caustic soda is 
the only alkali used, except when making cheap 
straw-board, when lime is often used. The pro- 
cess is not mainly a cleaning process, as with rags, 
but 18 a chemical disintegration of the w'holo 
structure of the esparto oi straw stalks by dis- 
solving out the material, mainly lignin, in which 
the cellulose fibres of the plant are embedded, so 
setting the cellulose fibres fiee The ratio of 
liquor to esparto or straw is usually 3^ 1 to 4 1, 
as with rags, but the ratio of caustic to fibre is 
more, being 12-15% for esparto and 18-25% for 
straw The time of boiling la about 5 hours at 
45 lb per sq in for cspaito and 7-8 hours at 
75-80 lb per sq in foi straw The yield of 
cellulose fibres left undissolved at the end of the 
boil IS 42-45% for eapaito and about 33% for 
straw 

The facts that straw needs more caustic and 
gives a considerably lower yield than esparto, 
while the steam pressure and time taken are 
both higher explain why straw is not used as 
long as esparto is available 

The caustic soda used is too expensive to be 
allowed to run to waste It is drained away as 
completely as possible and the pulp in the boiler 
washed once with water The caustic liquor, 
usually known aa “ black liquor,” duo to its very 
dark colour, and the first wash water are con- 
centrated to a thick treacje-like consistency, 
when it can be dried continuously in a rotating 
cylindrical roaster by the heat of combustion of 
previously dried black liquor. This roaster is 
slightly inclined ; the concentrated black liquor 
enters at the upper end where the hot gases are 
drawn off to a chimney and almost completely 
mcmerated soda ash falls out at the lower end 
This 18 allowed to fall into a tank of water, where 
it yields a solution of sodium carbonate and a 
precipitate of carbon black, which can be filtered 
out. The sodium carbonate is recausticised 
with lime, and the caustic liquor re-used. The 
precipitated calcium carbonate is filtered off, 
washed free from alkali and used for liming 
agricultural land. With esparto, some 80-85% 
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of the caustic used may be recovered by these 
means, but straw pulp is so much harder to dram 
and wash that in most cases 45-50% is all that 
can be recovered. This is another reason why 
esparto is preferred to straw, and if straw is ever 
to be pulped on a large scale in this country a 
means of greatly improving the low soda recovery 
will have to be found. 

The boilers in which esparto or straw are boiled 
are cylindrical steel vessels 10-14 ft high and 
9-10 ft. m diameter They are fitted with a per- 
forated steel drainer plate placed just where the 
cyhnder begins to bend inwards to form the 
bottom. There are either several vomit pipes 
fitted just inside the boiler wall to allow the 
steam which is let in at the centre of the bottom 



of the cylinder to circulate the liquor during the 
boil, or this circulation may be effected by the 
use of an outside pipe leading from the bottom 
of the cylinder through a centrifugal pump into 
a distributing pipe inside the upper end of 
the cylinder The boiler is fitted with a large 
circular lid in the top which is removed for filling 
the boiler and then screwed on before the boil 
starts. The lid has a steam cock through which 
the air is expelled when the boil starts In 
boilers with vomit pipes, and no external cir- 
culation to ensure sufficient difference of pressure 
between the top and the bottom to promote the 
desired circulation, the hd is usually allowed to 
let out a little steam durmg the boil. 

When the boil is over, and the black liquor and 
a first wash have been drained away to soda 


recovery, a hole in the middle of the bottom 
dramer plate is uncovered and the whole contents 
of the boiler blown through by a stream of high- 
pressure water, delivered through an iron pipe 
and iio/zle suspended through the lid of the 
boiler. The hole is connected with a pipe passing 
through a centrifugal pump, and on to potchers, 
in which final washing and bleaching take place. 

A few mills have a slightly more modern type 
of boiler which has a tapering conical bottom 
end , it IS lined inside with a perforated plate a 
few inches from this tapering wall. The taper- 
ing perforated plate and the outer w^all both end 
in a fairly large vent hole tightly closed while 
the boil is in progress. Circulation takes place 
through the perforated plate, liquor being w ith- 
drawn from the space between it and the outer 
wall and pumped up to the top of the boiler. 
In a boiler of this type the cover over the vent 
hole is removed when the boil is over before the 
pressure is altogether reduced, and pulp and 
liquor aio blown out of the boiler very quickly 
This system allows of a much quicker cycle of 
operations, and ensuies more boils per boiler per 
w eek 

The pulp from the boiler needs strainmg tc 
remove incompletely disintegrated portions, and 
to be passed over sandtables to remove odd 
pieces of stono or other contraries wdiich may 
have contaminated the original raw material. 
This IS sometimes done befoic, sometimes after 
bleaching, and occasionally both before and 
after this operation. In any case the pulp must 
bo washed free fiom alkali and the dark stain 
produced in the boil; the bleaching is always 
done by simply adding ordinary bleaching 
powdci solution and warming, the pulp being 
w'ashed again to remove the products of bleach 
action. The washed, bleached, strained pulp is 
then conccntiatod to about 25% solids content 
and IS then, ready for the beaters. 

The Sulphate Process for Wood Pulps. 

This process is used only on wood, which is 
almost always of the coniferous type Since the 
boiling liquid is alkaline, it dissolves out the 
resins and fatty acids, so that very resinous 
woods can be successfully pulped The acid sul- 
phite process does not remove the wood resins 
and if the wood pulped contains much resin this 
remains m the pulp and causes great incon- 
venience in subsequent papormakmg. Thus it 
it 18 that, though some spruce is used in the sul- 
phate process, this is mostly left for the sulphite 
process, and highly resmous woods like Jack Fine 
and Yellow Pine are treated by the forniei 
process. 

The sulphate process is cheaper than the soda 
process, wdiich is not now used for pulping the 
long-fibred coniferous wood , this needs so much 
alkali for pulping that, using caustic alone, the 
cellulose is attacked while the lignin is being 
dissolved and a rather weak pulp results. 

In the sulphate process the only make-up 
material is sodium sulphate. Some caustic 
must be mixed with it to get the process started 
but there^ter when the hquor is dried down to 
black ash and the black ash smelted the carbon 
sot free from the organic materials reduces some 
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of the sulphate to sulphide, and also leaves all 
the sodium, which in the black liquor was com- 
bined with organic material, dissolved out of the 
wood as sodium carbonate When the smelted 
black ash is dissolved in water the content of 
carbonate is determined and lime added to 
recausticise it. ^ When the precipitated calcium 
carbonate has been filtered off a white liquor 
containing a mixture of caustic soda, sodium 
sulphide, and some sodium sulphate is left with 
which to continue the boils By continually 
adding the necessary quantity of sodium sul- 
phate to make up the unavoidable losses in the 
process the composition of the white liquor is 
kept substantially constant, some sodium car- 
bonate being produced and recausticised each 
round. 

This mixed solution is milder in its action on 
wood than caustic soda. The dissolving out of 
the lignin is never taken to completion and the 
pulps so produced are very difficult to bleach, 
it being impossible to make them white by 
bleach solution alone, however much is used. 
They give, however, very strong papers and 
have therefore earned the name of “ Kraft ” 
pulps (from the Swedish word for strong ”) 
Most wrapping papers are made from such pulps, 
and since these are acceptable in a brown colour 
their preparation from unbleachable material is 
no disadvantage By using a two or throe stage 
bleaching piocess, one stage being a chlorina- 
tion, white pulps can bo obtained without loss 
of strength. 

The sulphate process is carried out in upright 
iron boilers similar to those used for esparto but 
usually larger, taking up to 10 tons, and 
generally with external forced circulation. The 
pressure used is higher than that needed for 
esparto, being usually 100-130 lb per sq. in 
The logs used are first barked and then chopped 
up into chips about three-quarters of an mch 
long The time of boil is usually about 4 hours 
of which IJ hours is occupied by steaming the 
wood and rising gradually to the maximum 
temperature and pressure, but the time vanes 
considerably from mill to mill 

The Sulphite Process. 

Many attempts have been made from time to 
time to pulp wood by means of acids, but the only 
really successful commercial acid process is the 
one using sulphurous acid ; this was discovered 
and patented by B. C. and R. Tilghman of 
America and made a commercial success by the 
Swedish chemist C. D Ekman. 

At a moderately high temperature and pres- 
sure sulphurous acid will combine with the 
lignin in wood to produce a water soluble sul- 
phonic acid derivative without appreciably in 
any way affecting the cellulose fibres. While 
sulphurous acid alone will pulp wood the volume 
of solution needed is inconveniently large. For 
this reason solutions of metalhc bisulphites con- 
taining excess of sulphur dioxide are always 
used Although sodium bisulphite can be, and 
occasionally is, used, calcium or magnesium bi- 
sulphites on the score of cheapness are the salts 
almost universally employed 

The sulphur dioxide is made by bummg either 


sulphur or iron pyrites in specially designed 
furnaces, care being taken to conduct the burn- 
ing carefully at as low a temperature as possible 
to minimise the production of sulphur trioxide. 
The gas formed is cooled as rapidlv as possible 
to below the temperature at which it will com- 
bine with oxygen to produce sulphur trioxide. 
The cooled gas is then led up towers containing 
limestone over which water is allowed to trickle 
The sulphurous acid formed in the water dis- 
solves the limestone to give, when enough sul- 
phur dioxide has passed, a solution of calcium 
and magnesium bisulphite containing excess of 
sulphur dioxide Since, during the boil, a good 
deal of sulphur dioxide is given off, the acid 
liquor is not taken to full strength in the towers 
but IS treated with sulphur dioxide obtained 
from the boilers to bring it finally to the desired 
strength, and also to recover the sulphur dioxide 
given off The acid liquor shows considerable 
variation In particular the ratio of calcium to 
magnesium will vary according to the limestone 
used. In general the liquor has a total sulphur 
dioxide content of 2 8-3 0% of which 0 9-1 2% 
will bo combined as acid sulphite, the rest being 
free in solution 

Sulphite boils are carried out on wood chips 
from barked logs, as in the sulphate process 
The digesters are larger, holding 12-18 tons ; 
they are tall steel cylindrical shells tapered at 
both ends and lined inside with acid resisting 
bricks set in acid resistant cement. 

There are two mam methods of cooking * 
(i) The Ritter-Kellner, in which rapid heating 
IS obtained by blowing live steam directly into 
the boiler. The boil is for 8-10 hours at about 
140-145°o though sometimes 155-160°c. is 
used (ii) The Mitschorlich indirect heating 
method. Here the steam passes through copper 
or lead coils in the boiler , the heating is slower 
and less intense, usually only reaching 125°- 
135°c This means a much longer boilmg-time 
of from 20-30 hours or even more This differ- 
ence in boiling procedure makes a very appreci- 
able difference m the papermaking quality of the 
pulp produced. The fast high temperature boils 
yield pulps which are weaker and harder to wet 
up m the beater The long low temperature 
boils yield strong easily wetted pulps. 

I THE CONVERSION OF PULP TO 
PAPER 

For the preparation of fine papers the cellu- 
lose fibre-pulp, prepared by one or other of the 
above methods, is bleached to a good white 
colour For wrapping papers, or papers for 
many industrial purposes, such as resin im- 
pregnation, this step can bo dispensed with, but 
for all printing, drawing, writing, cheque, ledger, 
or map and chart papers, a good white colour is 
[ essential. 

For rag, straw, and esparto pulps, direct single- 
stage bleaching with ordinary bleaching powder 
solution is almost always employed. In the 
wood-pulp mills, however, especially when a 
strong white pulp is aimed at, the bleaching is 
done m several stages, one of which is a chlorina- 
tion with gaseous chlorine or acidified bleach 
followed by an alkahne wash to remove the 
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alkali soluble chlormated-lignin compounds 
])roduced. 

The difficulty is to remove the colouring 
matters without attacking the cellulose Neutral 
bleach oxidises cellulose very quickly, so that 
cither acid or alkaline bleach or chlorine water 
must be used. Alkaline bleach has oxidising 
properties and if used in sufficient quantity and 
at a sufficient concentration will bleach most 
colouring matters white, but if any of the harder- 
to-bleach colouring matters are present con- 
siderable attack on the cellulose will take place 
(luring the process Acid bleach or chlorine 
water chlorinate the lignin or colouring matter, 
and the product is often insoluble in water, or 
itself coloured Such compounds usually dis- 
solve in caustic or in sodium sulphite solution 
Acid bleach or chlorine does not attack cellulose 
so by using them and then extracting the 
chloi mated compounds with caustic or sodium 
sulphite much of the lignin and colouring matter 
can bo removed without attacking the cellulose 
With some materials like esparto and straw this 
process of chlorination and alkaline wash can be 
employed after a very mild caustic boil which 
leaves most of the lignin still present. This is 
the basis of the well-known Pomilio straw- 
pulping method The straw' is chopped, dusted, 
and then given a very mild caustic boil It is 
then washed, pressed fairly dry, and broken up 
and subsequently treated with chlorine gas , this 
chlorinates the lignin, liberating heat and 
hydrochloric acid, Since the pulp is only damp 
with w'atcr, the acid solution becomes concen- 
trated and it IS difficult to control the chlorina- 
tion so that no damage is done to the cellulose 
fibres 

After an alkaline wash and a mild alkaline 
bleach treatment a w'hite pulp results With 
wood the preliminary boil cannot be cut down 
nearly as far as with straw but, nevertheless, if 
the bod 18 cut down so far as to leave a pulp 
Unbleachable by a single-stage direct bleach- 
process, the strong pulp so pioduced can be 
bleached white, without loss of strength, by a 
process consisting of chlorination, alkaline wash, 
and then direct bleaching. 

After bleaching and washing it is best to pass 
the pulp directly over to the preparatory plant 
to make it ready for the pajiermaking machine 
With rags, esparto, and straw' this is always 
done , the paper mills using these raw' materials 
have their own pulp-producing plant, but, since 
wood IS not usually obtainable in large quantity 
in places where it is convenient to make paper, 
wood-pulp mills normally dry off most of their 
pulp m board form for export to paper mills, 
often hundreds of miles away The effect of 
this drying out on the papermaking quality of 
the pulp is such that for some purposes it is 
preferable to pay the carriage on a large per- 
centage of moisture rather than allow the 
change to take place. The fibres lose strength 
and flexibility when dried and it needs prolonged 
and careful after-treatment m water to bring 
them back approximately to their original con- 
dition. It 18 one of the great handicaps to paper- 
making m this country that we produce no wood 
suitable for pulping and that all our wood pulp 
has to be imported, mostly m the dry condition 


The pulp now ready to bo prepared for paper- 
making 18 treated in apparatus known as 
breakers and beaters, or, in some modem mills, 
refiners. The breaker-beater combination was 
developed in rag-paper mills a long time ago. 
The boiled and washed rag pieces must bo 
broken up befoie they can be finally washed and 
bleached. This process has been described in 
the rag- boiling section above. After breaking 
up into the fibres from which the rags were 
initially spun, and bleaching and thorough wash- 
ing, the pulp is let down into the beater. This 
also, like the breaker, is an oval shaped trough 



with a roll and bed plate both carrying iron or 
bronze bars As the roll is revolved the pulp is 
drawn between the bars on the loll and on the 
bed plate and is squeezed, crushed, and partly 
cut or broken up As the pulp goes around the 
oval trough, each time it goes under the roll the 
fibres aie cut and (uished until they aie as the 
papermaker requires them for his purp('>se As 
the fibres become shorter they will fit together 
into a closer denser sheet but, apart altogether 
fiom the shortening, the crushing, and sciueezing 
alters the fibre suifacc. This consists partly in 



the freeing of vei-y fine fibnllic which stand out 
from the fibre surface but, in addition, the 
colloidal nature of the fibre surface-layers is 
altered and becomes swollen and gelatinous. 
When the sheet of paper is formed from such 
fibres where such gelatinous surfaces are dried 
in contact with one another, a strong bond is 
formed between them, probably by some form 
of cross linkage between them in which the 
hydroxyl groups of adjacent fibres take part and 
possibly also a molecule of water. These bonds 
are quite strong as long as the sheet is dry but, 
on wetting, water enters and frees the fibres from 
each other. The more mechanical treatment 
apphed to the pulp the more of these bonds are 
formed and the stronger they are, provided that 
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in producing tho required colloidal change the 
fibres are not too much cut up. The change 
which IS produced m this way by beating also 
slows up the rate at winch tho pulp loses water 
w'heri drained on a wire mesh, as on a paper 
machine, so that a much beaten pulp must be 
run slower along tho wire on the machine, or 
else it comes off the wire wetter than a less 
beaten pulp Thus the paperniakcr speaks of 
wet-beaten pulp, and describes the change pro- 
duced by beating as w'etness 

As may easily be imagined, different fibres 
react to this beating treatment very differently. 
8ome aie brittle and break up quickly with little 
colloidal change and make close, weak papers 
Some produce the colloidal change rapidly with 
very little shortening of the fibres and, like linen, 
make strong translucent papers The reaction 
of the fibre to beating can be greatly modified by 
the extent to wdiich it has been boiled and 
bleached, and the ait of papermaking consists 
in a propel ap'plication of tliat knowledge to 
produce the end result desired. The most im- 
portant part of papermaking is what is done to 
the pulp in the beater. 

It will perhaps be realised how that with all 
tho variation in fibre longth, degree of fibrillation, 
and colloidal change of fibie surficc which a 
papermaker ('an produce by altering the treat- 
ment he gives the pulp in the beating operation, 
and with these effects vaiying greatly with both 
the natuie of tho boiling and bleaching tioat- 
ment of the pulp being used, how impossible it 
is to give any precise description of the paper- 
making process. It is still mainly a craft learned 
by long experience and which cannot yet be 
reduced to precise terms 

While the beating process is taking place tho 
pulp IS coloured as (lesired by the addition of 
dyes or pigments. Also m the beater are added 
loading materials which it is desired the paper 
should contain, like clay which alters the feel 
and tho smoothness of tho sheet, or titanium 
dioxide which whitens tho sheet and greatly in- 
creases its opacity. (Some part of such additions 
are lost w ith the watex whn h drams away when 
the sheet is made on the wire of the paper 
machine, and the percentage letention of such 
loadings is a figure to which papermakers pay 
considerable attention 

If the paper it is desired to make is required 
to take ink writing, it has to be made non- 
absorbent This 18 done by a process known as 
sizing. A very wet beaten pulp makes a paper 
like greaseproof which, without any added sizing 
material, is naturally nonabsorbent and can be 
written on, though the ink sinks in too much for 
it to bo a really pleasing writing surface 

Tho old time way of making the hand- made 
absorbent sheets fit to take ink writing was to 
dip them into a bath of gelatin solution and then 
hang them up in the air to dry Tho film of 
gelatin formed in the surfaces of the sheet m this 
way resists ink and makes a good wnting surface. 
Tho gelatin film has the added advantage of very 
considerably strengthening the paper and making 
it much harder to rub up the surface. This old 
process has therefore persisted, and is likely to 
persist for a very long time, since it is the ideal 
way of making strong durable paper for ledgers 


and other similar purposes. It is, however, ex- 
pensive, due to the high price of gelatin, and also 
because it involves an additional process for the 
paper after it leaves the papermaking machines. 

It was necessary, therefore, to find some process 
for making the paper so that it would be able to 
carry ink by tho addition of some water-repellant 
matcnal to the pulp in the beaters. Probably 
the use by shipbuilders of rosin led to this 
material being tried It was found that when 
partly saponified by alkali, rosin can be cmulsificxl 
to a very finely divided, nearly while, emulsion 
m which form it can bo readily mixed uniformly 
with the pulp in a beater To prevent loss of 
rosin in the water draining awa> from tho pulp 
on the wiie of tho paper machine, the idea was 
to precipitate it with some acid material. Tho 
easiest and cheapest acid material to use was 
alum, and this was found to work wonderfully 
well and was adopted universally by paper- 
makers everywhere long before anyone had any 
adequate idea as to how it worked. Many efforts 
have been made to find substitutes for the rosin 
and alum combination without increasing the 
cost, but so far without any success Tho losiii 
may bo completely saponified and thus be added 
to the pulp as a solution, as in the Dclthirna 
method ; it may be emulsified with only a trace 
of caustic in tho presence of a protective colloid, 
as in the Bewoid process and added to the pulp 
as a fine emulsion , or it may be any mixture of 
these two extremes and the end result of tho 
addition will be the same, provided alum is 
added until a sufficiently acid pH is obtained m 
the pulp mixture No other acid substance will 
produce the same ink resistance m the paper as 
alum, with the possible exception of thorium 
sulphate, winch is moderately effective. Tho 
alum, together with such alkalinity as is present 
in the rosin size or in tho water, produces a 
precipitate which contains the rosin, alumina, 
and basic aluminium sulphate. This comes 
down as a very fine precipitate and at a pH 
between 4 and 6 adheres to the surfaces of the 
cellulose fibres When dry, this fine precipitate 
is highly w'ater repellant and prevents water 
being drawn between the fibres of the paper 
sheet by capillary attraction 

Rosin precipitated by acid does not come down 
in nearly so linely divided a form, and is not 
attracted to tho fibre surfaces as is the alum 
complex, and hence does not size effectively 
With the pulp then beaten as desired, coloured, 
loaded, if that is wanted, and sized if a suitable 
writing paper is required, it is then necessary to 
get it felted mto a uniform sheet or w^eb of the 
desired thickness and size, and then dried. This 
was done originally with a hand mould. A 
wooden rectangular frame, tho area of the sheet 
desired, was covered with a layer of thin reed 
stalks laid parallel and close together, reaching 
from end to end of the frame These reeds were 
supported every inch or so along their length by 
being tied to each other by cotton threads reach - 
mg from one side of the frame to the other. Tho 
frame so covered was then fitted with a remove- 
able rim from 0 25-0 5 in. high. 

This frame with the nm in place was then 
dipped mto a tub of the prepared pulp and care- 
! fully lifted out horizontally. The water from the 
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pulp kept on the web by the rim drams through 
the roods leaving a mat of fibres on the frame. 
Wlule this drainmg is taking place the frame is 
shaken slightly to help to felt the fibres. When 
the draming stops the rim is lifted off and the 
frame and mat of fibres laid down, or “ couched ” 
as the papermaker says, on to a wet felt shghtly 
bigger than the frame. It is placed upside down 
so that the mat of fibres comes against the wet 
felt. It 18 then possible to lift off the frame and 
leave the mat oi fibres on the felt. This mat is 
then covered with another wet felt and the pro- 
cess repeated until a pile of sheets is accumulated. 
This pile 18 then transferred to a press and as 
much water as possible pressed out. It is then 
found that the moist sheets left are strong 
enough to bo lifted off the felts and placed on 
racks or hung up to dry. For centuries, paper 
was made by this laborious process sheet by 
sheet, and hand-made paper made by this 
ancient craft is still made and sold profitably by 
one or two small English firms. Wiies weie sub- 
stituted for reeds at an early date, and wire 
gauze for papers where the lines produced in the 
sheets by the parallel wires were not desired. 

The modern papcrniakmg machine has merely 
mechanised and made continuous this ancient 
method without alteiing its essential nature. 
The highly dilute fibre suspension runs out onto 
an endless belt of wire gauzo which moves 
steadily forwaid An endless bolt of rubber, 
about 2 in. square in cioss-section, runs along 
each edge of the moving wire and performs the 
same function as the rim of the hand mould. 

This endless wire belt runs on metal rollers 
which help to draw water through the wire to 
dram the web. Near the fai end of the wire it 
runs over boxes from which a pump withdraws 
water. At the place where the wire runs round 
a roller to begin its return journey, a felt covered 
heavy roll, known as a couch roll, presses the 
web heavily between itself and the roller cairy- 
mg the wire, and this pressure further dewaters 
and consolidates the sheet, so that it is possible 
to make it budge a gap of an inch or two oft from 
tho wire to a felt moving forward to pass two 
press rolls tho top one of which is usually granite 
which further dewater and consolidate the sheet. 

Modern paper machines have several (up to 
four) presses of this kind. In the first press the 
topside of tho paper is directly against the roller, 
the wire side ha vmg the felt between it and the 
other roller. This tends to produce a certain 
difference in the formation of the two surfaces. 
Thus when very even-sided paper is desired, and 
several presses are available, it is found best to 
run through some of them m such a way that 
the other side of the paper is on the felt. 

After sufficient prossmg, the web passes to 
Srymg cylmders. These are large steel cylmders 
heated by low-pressure steam. These are a httle 
wider than the widest web tho machine is 
designed to make and vary in diameter according 
to the size of the machme. They are usually 
arranged m two rows, the upper row being 
placed over the spaces between tho cylmders in 
the lower row. The paper passes round the 
cyhndor and is pressed against the hot metal 
surface by a dry felt. It then passes to tho next 
cylinder in the other row and thus gomg over 
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the top of the cylinders in the top row and under 
the bottom of the cylinders in the bottom row 
alternately, it comes at last to the end of the row, 
when it should be dry. In all modern machines 
it 18 smoothed by passing between stacks of 
calendar rolls before it is finally reeled up. 

The earliest machines built about 100 years 
ago ran very slowly and had only three or four 
cylinders. A few machines are still running in 
this country with only six cylinders, but because 
of the demand for faster lunning and because 
slow drying at a low temperature makes the best 
paper, the number of cylinders tends to bo in- 
creavsed every time a new machine is built. 

A few paper machines are built with only one 
very large drying cylinder This is run without 
a felt, and the wet web fiom the presses is 
pressed by rollers closely onto the hot cylinder 
surface to which it sticks until it is diy, when it 
comes away easily with a highly glazed surface 
on the side which was against the ('ylinder In 
this diying method the paper is unable to shrink 
at all during drying and this gives to such a 
paper a gicatet stability against changes in 
dimensions in atmospheres of varying humidity 
than arc jiossessed by papers diicd m the usual 
mannei 

There is another process for making paper 
continuously which although it is never used for 
fine papers is essential for cardboard and box 
liners and boards of various kinds. Tins is the 
vat machine in which the dilute pulp suspension 
Hows into a large vat containing a paitly sub- 
merged rotating gauze-covered hollow cylinder 
roll Watci Hows into this cylinder and is 
lemovcd by suction, leaving a web of fibres on 
the WHO ^vhich is lifted out of the vat as the 
cylinder revolves After jiassing a suction box 
mside the upper poition of the cyhndcr to 
fuither dewater the web, and a couch roll to 
consolidate it, the web is removed fiom the 
cyhndei wire. In a vat machine a battery of 
such vats aie operated together and the thin 
webs from cjieh pass together through presses 
and ovoi drying cylinders so that a thick board 
results It IS easy with such *a machine to make 
the centre of the board of lough cheap material 
and the suiface layers of good quality white or 
coloured papci On these machines boards can 
bo made so thick that they cannot be rolled up 
when diy but must be cut into sheets at the end 
of the machine 

A development from the success of the multi- 
ply boards made on these vat machines was to 
provide two or even three wire sheet-foimmg 
sections like those on any ordinary papermaking 
machine and feeding the sheets made fiom these I 
wires together through the same presses and I 
drying them together on the same drying 
cylinders to make duplex or triplex papers. 
Since the endless wire of a paper machine is a 
large and complicated affaii, the fitting of two 
such wires whore the reels are to be fed to the 
same presses is a very difficult matter. It j 
necessitates one wire being on a floor above the 
other one, and for three wires three floors are 
needed. The particular advantages which 
justify the expense of such a complicated set-up 
are firstly the fact that a good printer always 
detects the diflerence in surface of the two sides 


of a single sheet. However fine the mesh of the 
wire is, and however carefully the subsequent 
wet pressing and calendaring is carried out, the 
wire side always has a slightly different surface 
from the topside. If the two wires of a duplex 
j machine are properly arranged so that the wire 
on the lower floor runs the opposite way to that 
on the top floor, the web from the bottom wire 
can bo turned over as it is led up to meet the 
web from the top wire, so that the two wire sides 
come together in the middle of the duplex shoot 
and the finished sheet is identical on the two 
sides The same result can be achieved on a 
trqilex machine and m addition the centre por- 
I tion need not be of the same quality as the 
outsides 

The second advantage of duplex and triplex 
machines is due to the fact that if pulp is beaten 
wet so as to got the maximum strength m the 
finished paper it is hard to get the water away 
on the wire m order to make a heavy sheet. 
Consequently when thick single sheets are 
required, less beating can be given and the 
strength is much less than it might be. Ob- 
viously, if three sheets are to bo united the pulp 
for each sheet (*an be beaten much more than 
would be possible in making a single sheet of the 
same substance. Thus the strongest heavy 
p.ipers are made on multi-wire machines. 

When the paper leaves the paper machine it 
IS often far from being ready for use as it is 
olten not possible with the calendar rolls at the 
end of the paper niachmo to make the surface as 
smooth as is desired In that case the next 
process is super calendaring In this process the 
paper passes through a stack of heavy rollers 
one above the .other. The paper passes over the 
top roll, between the top and second roll, half 
round the second roll, between the second and 
third rolls and so on, right down the stack of 
perhaps as many as ten rolls. Obviously, the 
pressure exerted on the paper increases at each 
nip till the last one is reached Those rolls may 
be all steel or some may be steel and some coated 
with a deep layer of compressed cotton, or all 
the lolls may bo cotton covered. Extra weights 
may be hung on the rolls to increase the pressure 
beyond that caused by their own weight. In 
this way the paper is compressed and surface 
irregularities smoothed out until a surface of the 
desired smoothness is reached. 

Another defect m paper directly off the paper 
machine is that it is always too dry At the 
relative humidity of about 65-70%, which is 
about the average for Great Britain, cellulose or 
paper normally absorbs about 7% of moisture. 
Because drying is never even over the whole 
width of a reel m oven the best of paper machines, 
attempts to bring the paper off with an average 
of 7% of moisture result m the moisture content 
being uneven To lessen this unevenness the 
paper is overdiied to 3 or 4% moisture. Then 
in a normal atmosphere it rapidly picks up 
moisture to about 7% at all the surfaces to 
which the moist air has access and the paper 
expands appreciably. Thus if paper at 3% 
moisture content is cut into sheets and rapidly 
stacked in piles the edges will absorb moisture 
and expand but the middle of the sheets will 
remam dry. This causes the edges to cockle 
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badly. Thus the overdrying of the paper 
necessitates a subsequent careful humidification 
to about 7% moisture content before it is cut 
into shoots and stacked or bound into ream 
packets. This is done by passing the paper 
slowly over a long senes of spar drums rotating 
in a damp atmosphere until it has absorbed the 
required amount of moisture This procedure 
ensures an oven distribution of moisture 
throughout the web, since no part will pick up 
from a damp atmosphere more moisture than the 
equilibrium content at that relative humidity 
The process of slow humidification has another 
great advantage The drying on the hot cylinders 
of the paper machine puts considerable strains 
into the paper which are not lelieved under the 
tension of the paper machine or when tightly 
reeled up. Dining the slow passage down the 
humidifier, however, these strains can be 
relieved and when the paper is cut it will be flat 
instead of curling up at the edges, or even rolling 
up into a tube as unhumidified paper docs 
sometimes. 

Aftei humidification the paper is cut into 
sheets by unrolling the web oft the reel onto a 
flat surface on which vertical circular knifes run, 
spaced apart, so that the web is cut into strips 
having as their width one of the dimensions of 
the desired sheets These strips then jiass under 
straight knife edges set on a rotating cylin<ler so 
that they come down and chop off pieces of the 
strips having a length equal to the othci dimen- 
sion of the required sheets The sheets are then 
collected into piles 

It IS not possible by this rapid continuous 
cutting from the leel into sheets to get very 
exact dimensions in the sheets. Jf sheets of 
very exact size are required they are cut into 
somew'hat bigger sheets by the method described 
above, and then the pile so produced is trimmed 
down to the exact size wanted by a veiy care- 
fully made instrument called a guillotine This 
machine has a flat table, on which the pile of 
sheets is placed, and three accurately squared 
straight edges which can be adjusted to any 
desired distance apart The fourth edge of the 
rectangle is occupied by a rigid knife edge which 
can be adjusted accurately to any desired 
distance from the back straight edge. By push- 
ing the pile of sheets against the back straight 
edge, setting the knife to the right distance and 
then letting it be forced down to trim the edge 
under the knife, and repeating the operation till 
all four sides are trimmed, a pde of sheets all of 
exactly the size required can be obtained 

Naturally, only fine paper requires such an 
accurate size as to justify the cost of the guillo- 
tine treatment, but even after this treatment the 
paper is not ready to send out. It is impossible 
in papermaking to prevent occasional creases 
and tears occurring in the web and even the 
greatest care cannot prevent an occasional spot 
of dirt or unwanted material getting in. There- 
fore before the paper goes out every sheet must 
be inspected and any showing the slightest im- 
perfection removed. This is skilled hand work 
and 18 always done by women. They inspect 
each sheet, and afterwards count every sheet 
passed and mark with a slip of paper, projecting 
from the pile of counted passed sheets, each time 


the number required for a ream, usually 500 
these days, is reached. The paper is then packed, 
each 500 sheets m a separate ream packet, duly 
labelled and packed in crates, boxes, or railway 
containers for transport to the customer. 

Nothing has been said in detail so far about 
the ancient process of tubsizing for making hand- 
made sheets of cotton or linen fibres so that they 
could be wu itten on with ink without the ink 
sinking through the paper or feathering along 
the edges of the pen strokes. The process was 
to dip the sheets into a bath of gelatin bolutiori, 
remove excess of the solution by passing the wet 
sheet between the rollers of a wringer and then 
hanging them up to dry in the air The surface 
I gelatin film so prcfduced rendered the paper 
resistant to ink It also greatly increased the 
[ strength and, particularly, the folding endurance 
c)f the paper. 

Althougli the discovery that sizing by adding 
rosin and alum to the pulp befoio sheet-making 
is cheaper and eliminates the need for an extra 
process, it has never been able to oust from use 
the ancient process of gelatin tubsizing for all 
the higher grade lag-papers. The process is an 
extia one caitied out on the reels of paper which 
come from the end of the papermaking machine. 
It is usual to reel up the paper at the end of the 
paper machine and to remove it to a scpaiate 
tubsizer where it is unieelecl through a bath of 
warm gelatin solution In a few old rag-paper 
mills the paper is led diieetly liom the end of 
the paper machine through the gelatin solution 
tn proper tubsizing a long bath is used to give 
plenty of time for the gelatin to penetrate into 
the paper. The paper passes two or three times 
under a roll below the surface of the gelatin and 
then over a roll above the surface of the gelatin 
before reaching the nip rolls at the end of the 
bath which remove excess gelatin from the sur- 
face The nip rollers are followed by spar drums 
arranged in two long layers The papei travels 
alternately over one of the top layer of diums 
and below the next drum in the lower layer 
until the end of the drums is reached Theio 
may be 40 or more spar drums in one of these 
an -drier sections Warm dry air passes up 
through those spar drums to dry the paper. 
This careful low -temperature air-drying is 
necessary to preserve the gelatin film in its 
strongest and most complete form For some 
purposes, however, this gelatin film is too im- 
pervious and it is an advantage to break it up 
somewhat by drying on hot cylinders. This 
prevents the maximum strength being produced 
which gelatin can give, but nevertheless quite a 
good increase m strength is obtained in these 
hot-dricd gelatin-sized papers and the paper still 
preserves much of the surface properties and feel 
of a propel ly tubsized paper. 

Since the discovery of rosin sizing and duo to 
the necessity of passing reels of paper through 
long size-vats instead of the old simple dipping 
of small single sheets, it is found that entirely 
unsized cotton paper weakens so quickly in a 
bath of warm gelatin that it cannot be pulled 
through a gelatin-size bath. This difficulty is 
obviated by adding rosin size in the pre- 
hminary papermaking operation. The softening 
of the sheet then takes place much more slowly, 
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and the paper can he carried through the vat and 
onto the air-drier before it is softened enough to 
break. 

The fact that for some purposes hot drying 
after tubsizing is no disadvantage opens up the 
possibility of doing tubsizing on the paper 
machine without the need of a very long and 
cumbersome air-drier. Quite a few modem 
paper machines are fitted with a short tubsize 
vat near the end of the machme. This vat is 
followed by nip rolls and three or four spar 
drums to enable the gelatin to sink into the 
paper surface before commg onto the remammg 
few drying cylindeis of the paper machine. On 
such a machine tubsizod paper with a near 
approach to the proper tubsized quality can be 
made in one operation at ordinary paper-machme 
speeds. The gelatin film, however, is broken and 
driven into the paper, so that for the best papers 
the full tubsizing and air drymg as a separate 
process is stdl always employed. 

S R H E 

PARABANIC ACID, H.H'-Oxalylureay 
2'4: ^-Triletoimi dazolid i 

CO NH 

5 

=>co 

It T / 

CO NH 

Parabamc acid was first characterised by 
oxidation of uric acid with nitric acid (Liebig 
and Wohler, Annalen, 1838, 26, 285), being ob- 
tained in 33% yield (Behrend and Asche, ihid. 
1918, 416, 226) It has been obtained by oxida- 
tion of line acid with bromine water, potassium 
chlorate, and hydrochloric acid (similarly from 
guanine), manganese dioxide and hot dilute sul- 
phuric acid, by electrolytic oxidation, and m 
80% yield using hydrogen peroxide (Biltz and 
Schiemann, Ber. 1926, 59 [BJ, 721) 

It has been obtained synthetically from 
oxainide by heating with diphenyl carbonate at 
240-250° (Cazeneuve, Compt rend. 1899, 129, 
834) or phosgene at 170-180° (Basarow, Ber 
1872, 6, 477) , by the action of phosphorus oxy- 
chloride on a mixture of oxalic acid and urea, or 
on oxaluric acid (Grimaux, Compt. rend. 1873, 
77, 1548) , from urea and ethyl oxalate in 
presence of alcoholic sodium ethoxide (Michael, 
J. pr Chem. 1887, [ii], 36, 457), or urea and 
oxalyl chloride (Bornwater, Rec. trav chim. 
1912, 31, 105 ; Biltz and Topp, Ber. 1913, 46, 
1387). I 

It crystallises from water in monoclmic prisms, 
m.p. 242-244° (dccomp ), 1 part dissolvmg in 
21 2 parts of water at 8°. Easily soluble in 
warm alcohol , insoluble m ether Dissociation 
constant in water at 25°, 7 5x10"’^ (Wood, 
J.C.S. 1906, 89, 1835) Absorbs contmuously m 
ultra-violet light. 

Parabamc acid behaves as a dibasic acid, the 
crystalline alkaline metal salts decomposing to 
those of oxaluric acid in hot aqueous solution 
(Menschutkin, Annalen, 1874, 172, 'f5) ; urea 
salt, C3H203N2,CH40Ng, forms rhombs or 
plates (Hlaeiwetz, J. pr. Chem. 1856, [i], 69, 
106) ; phenylhydraztne salt, 

C3H203N2,2CeH8N2,H20, 

VoL. IX.— 15 
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3deld8 oxaluric phenylhydrazide in hot water 
(Skinner and Ruhemann, J.C S. 1888, 63, 556). 

Heating with alcoholic ammonia at 100° yields 
oxaluric amide (Menschutkin I c.), hydrazine the 
corresponding hydrazide (Fosse, de Graeve, and 
Thomas, Compt. rend. 1935, 200, 1260) and 
anilme the anilide (Laurent and Gerhardt, 
Annalen, 1848, 68, 25). The product obtained 
by reaction with urea (Grimaux, Bull. Soc. chim., 
1879, [ii], 32, 120) was probably a mixture of 
oxalyl diureide and hydroxy-allantoin (Pinguet, 
Compt. rend. 1933, 196, 112). Reaction with 
hydantoin, v Hydantoin. 

R. B. 

PARACHOR. Introduction. — The para- 
chor is an empirical constant for a liquid which 
may be regarded as a corrected molecular volume 
It 18 based upon a relation between surface ten- 
sion and density given by the equation 

Y^C\D-d)* .... (1) 

Here y is the surface tension of a liquid, D its 
density, and d the density of the vapour, all at 
the same temperature; the constant O is then 
found to have a fixed value for a particular liquid 
over' a wide range of temperatures. This 
formula was discovered by Kleoman (Phil. Mag. 
1911, [vii], 21, 92) in developing a theory of 
molecular forces Klceman applied the formula 
to a few liquids only, and discarded the theory 
on which it was based, since the data for latent 
heats did not give satisfactory agreement with 
his theory Later Macleod (Trans. Faraday 
Soc. 1923, 19, 38) independently discovered this 
relationship and showed that it held with 
remarkable accuracy for a largo number of 
liquids. 

Since Maclcod’s rule gives an accurate relation- 
ship between surface tension and density it can 
be used to compare the molecular volumes of 
liquids at temperatures at which they have the 
same surface tension (Sugden, J.C S. 1924, 125, 
1185). Let y^ be some arbitrary surface tension 
at which the comparison is to be made, and 
and d^ the density of the liquid and vapour 
respectively at the temperature at which the 
liquid has this surface tension. At some other 
temperature let y, D, and d be the values of these 
quantities Then, from Maclood’s equation (1) ; 

Y\l(D^-d,)^Ci=yi/(D-d) 

Therefore D^~d^=(D—d){y^/y^). 

If y^ is suitably chosen then is negligibly small 
compared with Lot M be the molecular 
weight, then the molecular volume in the 
liquid state at a surface tension is given by 

MID^HMIy\){v^l(D-d)}Hllv\)C^ ■ M ( 2 ) 

It 18 thus proportional to the fourth root of the 
Macleod constant (determined from experi- 
ments at any convenient temperature), multi- 
plied by the molecular weight. 

It IS evident from (2) that the value chosen 
for the arbitrary surface tension y^ merely 
affects the magnitude of the factor l/y| ; it is 
therefore convenient to choose yi=l so that 

iP\=My^l(D-d)=^MCi . . (3) 
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The quantity [P] defined by equation (3) is 
termed the “ parachor ” (from napa^ “ set by 
the side of,” and ‘‘ space ”) (Sugden, ibid 

1924, 125, 1185) 

The chief significance to be attached to this 
method of comparing molecular \olumes is that 
some allowance is made for the cfiect of the 
large internal pressure of a liquid upon the 
volume occupied by its molecules This internal 
pressure cannot, unfortunately, be measured 
directly, but it is known to have very different 
values m difiercnt liciuids and to decrease rapidly 
with mcreasing temperatuie. Since surface 
tension and internal pressure are both due to the 
attraction between the molecules, a comparison 
of molecular volumes at constant suiface tension 
should eliminate the effect of gross differences of 
internal picssure and give a better measure of 
the volume of the molecule. Some evidence in 
favour of this view is furnished by a comparison 
of parachois wuth critical volumes and mean 
colliHicm aicas (Sugden, tbid 1929, 1055) 

Additive Properties of the Parachor. — 
When the parachors of niembers of liomologous 
series aie tabulated it is found that tlieie is a 
neaily (onstant increment of 39 0 units for each 
addition.il C H g group Also, isomeric substances 
which diffc'T only in the position of groups in the 
molecule ha\o almost identical paradiois 
further examination shows that moleculai 
parachois can bo predicted with considerable ac- 
curacy by adding together suitable constants for 
the atoms and linkages piesent in the molecule 
(A list of these constants is given in Table I ) 

The constants for atoms are found to be nearly 
the same in all their compounds, and the struc- 
tural constants appear to bo independent of the 
nature of the atoms to which the hnkage is 
attached An example of this behaviour is 
furnished by the data for double bonds in 
^Table JI It will be seen that the constant for 
this structure is always approximately 23 units 
in C= C, C-O, C=S, C=Se, N-C, N-O, 
and N = N , (Z'[P] is the sum of the appropriate 
atomic and structural constants excluding that 
under investigation ; the latter is obtained by 
subtracting ^IP] from [P] (obs ) 

The use of these constants m calculating 
molecular parchors is shown by the following 
examples. 


Benzene. 

CH 



Paraldehyde 

O 

CH3 dn CH3 

ci 


C<5 6 X 4 8 . 

28 8 

6X171 . 

3 double bonds, 

102 6 

3 X 23 2 

69 6 

6 ring 

6 1 

[P] (calc ) 

207 1 

[P] (obs ) 

206 1 


Cfc 6 ^ 4 8 

28 8 

H,2 12x17 1 

205 2 

O3 3 X 20 0 

60 0 

6 ring . . 

61 

[P] (calc ) 

300 1 

[PJ (obs ) 

. 298 7 


Of the corrections listed m Table I the first 
is applicable to esters, which are found to exhibit 
a nearly constant anomaly of — 3*2 units. The 


Table I — Atomic and Structural 
Parachors 


Aluminium 

• . . 

38 6 

Antimony 


66 0 

Argon 


54 0 

Arsenic 

. 

50 3 

Banum . 


. (100) 

Beryllium 


37 8 

Bismuth 


(80) 

Boron 


16 4 

Bromine 

, 

68 0 

Cadmium 


(70) 

Ciesiuin 


(150) 

(‘alciiim . 


(68) 

Carbon 


48 

Chlorine 


54 3 

Chromium 


53 7 

Copper 


(46) 

Fluorine 


25 7 

Gallium 


50 

Germ.inium 


(36) 

Gold 


61 

Helium 

, 

20 5 

Hydrogen 

. 

17 1 

Iodine 


91 0 

Lead 


76 2 

Lithium 


(50) 

Mercury . 

. 

68 7 

Molybdenum 


(80) 

Neon . 


25 0 

Nickel . 


(50) 

Nitrogen . 


12 5 

Osmium 


80 4 

()>xgen . 


20 0 

Phosphorus 

. 

37 7 

Potassium 

, 

(110) 

Jiubidium 

, 

(130) 

Selenium . 


62 5 

vSiheon 


27 8 

Silver . 


63 

Sodium 


(80) 

Sulphur . 


48 2 

Tellurium 


79 4 

Thallium , 


64 

Tin . . 

, 

56 7 

Titanium 


45 3 

Tungsten 


(90) 

Zinc 


50 7 

Triple bond 


46 6 

Double bond 


23 2 

Smgle bond 

. 

0 

Semipolar double bond 

-1 6 

Singlet link 

Rings, 

-11 6 

3-membered 

• • • t • 

16 7 

4-membered 

. , 

11 6 

5-membered 


8 5 

6-membered 

Coriections, 

61 

Ester group 



-3*2 

OH -group 



-5 0 

NHg, NHR, 

or NRg . 

-5 0 


(Parentheses indicate parachors which are only 
roughly determined.) 
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Table II — Non-polar Double Bonds. 


Substance 

Formula 

[/>] (obs ) 

Z[P] 

Double bond 

Ethylene ... . . 

H,C=CH2 

99 5 

78 0 

21'5 

Propylene ... ... 

HgC^CHMe 

139 9 

1170 

22 9 

Acetone 

McjC-O 

161 5 

137 0 

24 6 

Methyl ethyl ketone .... 

MeEtC=0 

198 5 

176 0 

22 5 

Carbon disulphide 

S=C=S 

144 7 

101-2 

21 7x2 

Carbon selenosulphide 

S=C-Se 

156 4 

115 5 

20 4x2 

Ethylthiocarbiraide .... 

EtN=C = S 

211 7 

160 6 

25 5x2 

Nitiosyl chloride 

CIN-O 

108 1 

86 8 

21 3 

Azobenzene 

PhN = NPh 

429 5 

405 0 

24 5 


others can be regarded as a loiigh allowance for 
the eflcct of association in alcoliols and amines. 
This method of correcting foi association can 
only bo expected to hold loiighly at not too 
elevated temperatures, since the parachors of 
associated liquids vary uith temperature 

Accuracy of the Additive Properties of 
the Parachor. — Of 1()7 paradiois collected by 
JSugden in 1924 (/ c ) 104 are uitliin 1% of the 
calculated value and 145 within 2%. Latei 
work on a much laiger number of compounds 
has shown that this order of accuracy is usually 
found One important exception was discovered 
by Mann and Purdie {ihid 1935, 1549) in certain 
stTies of oiganonietallic compounds Thus in 
the homologous seiics of compounds lepiesonted 
b)^ the formula (SR 2 ) 2 PdCr 2 the iiaiachor 
deduced foi palladium fell fiom 36 for R -Me to 
—7 loi R==?i-amyl Large anomalies are also 
found for some fused metals and salts {see later) 
Many of the deviations found for purely organic 
substances are probably duo to incorrect 
measurements or to insufficient purification, 
whilst others may be caused by modifications in 
structure which have not been allowed for in cal- 
culating the parachor (e q , substituted phorones, 
Sugden, ihid 1928, 410) ^luch better agree- 
ment (ould not bo hoped for since (a) small 
differences are found between the values for 
CHg differences in different homologous senes, 
and (})) parachors of position isomers indicate 
that tlieie are small but definite deviations from 
a str ictly additive law In view of these facts it 
IS evident that conclusions as to structure can 
only safely be made from parachor values when 


the alternative structures would lead to con- 
siderable differences m parachor 

Mumfoid and Phillips (ibid, 1929, 2112) have 
suggested the use of strain constants to account 
for some of these variations These constants 
are small and usually of the magnitude of the 
expel imental error, it is only when sev^eral of 
these corrections have to bo applied for one 
molecule that they become important A 
numboi of other schemes of parachor constants 
have been suggested by othei writers, but except 
possibly in considering data for closely related 
compounds they do not seem to offei any par- 
ticular advantages (In the article on the 
parachor m the 1934 Supplement to this 
Dictionaiy a modihed senes of constants was 
used based on a slightly higher value foi the 
CHg difference Later work showed that this 
did not lead to any substantial advantages and 
the original constants were reverted to It is 
these original constants which are quofed in 
Table I ) 

Semipolar Double Bonds. — The electronic 
theory of valency leads to a modification of the 
formulfc for compounds of polyvalent elements 
in which double bonds are written. Thus phos- 
phorus oxychloride is now formulated as (I) or 
(II) instead of the elder formula (III). One pair 

CI3P--O ClgP-^O CI3P-O 

I. II. 111. 

of electrons only is shared between the phos- 
phorus and oxygen atoms, and these are both 
supplied by the phosphorus atom. Hence 


Table III. — Semipolar Double Bonds. 


Substance 

Formula 

[P] (obs ) 


Semipolar 
double bond 

Phosphorus oxychloride 

Cl3P->0 

217 6 

220 6 

-3 0 

Ethyl phosphate 

(EtO)3P -> 0 

399 1 

403 0 

-3 9 

Thionyl chloride .... 

CIjS 0 

174 5 

176 8 

-2 3 






Sulphuryl chloride 

C1*S<^ 

193 3 

196 8 

-1-75x2 

^0 




Methyl sulphate 

(MeO)3S<^° 

0 

238 9 

240-4 

075X2 

Ethyl sulphate . ... 

m 

0 

CO 

0 C 

313 8 

318-4 

-46x2 
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Sidgwick (ihid, 1923, 128, 726) terms this the 
“ donor ” atom and has described the bond as a 
“ co-ordinate link.” Lowry (Trans Faraday 
8oc. 1923, 18, 285) pointed out that if the 
electrons are equally shared a polar bond is also 
present as indicated in (I) , for this reason 
8ugden (ibid, 1925, 127, 1528) uses the teim 
“ semipolar double bond ” to described this 
Imkage. 

It 18 found that the parachor contribution of a 
semipolar double bond is about —12, whilst 
that of a non-polar double bond in ethylene, 
ketones, etc,, is H-23 2. Some examples of semi- 
polar double bonds arc given in Table ITT, w'hich 
should bo compared w'lth Table J J. 

The parachor can thercfoio be used to in- 
vestigate the nature of the bond in particular 
substances This method has been aiiplnal to 
compounds of a number of difleient elements 
and the conclusions reached are summaiised in 
Table IV (This Table contains a few eases, 
e g , i^onitriles, in which a polar bond is super- 
imposed on nioie than one covalent bond ) It 
18 noteworthy that in eveiy case so far examined 
the structure assigned is in harmony with the 
“ octet rule ” although, m many cases, a shell 
of more than eight electrons around the central 
atom could leadily be attained by con vei ting 
semipolar double bonds into non-jiclar double 
bonds. 

Single Linkages. — The structure of the 
higher halides of the elements of Grouiis V, VI, 
Vll, and VllI of the J^ei iodic Table is capable 
of two interpretations in teims of the clectionie 
theory of valency. One may assume that the 
octet breaks down and that all the halogen 
atoms in PCIg, foi example, are held by duplet 
linkages giving a shell of ten electrons aiouiid 
the phosphorus atom (Formula IV). Alterna- 
tively it may be assumed that the octet rule 
still holds and that in this substance two of the 
chlorme atoms are held by singlet linkages 
(Formula V) On the lattci view it would be 

Ck /Cl Ck Cl 

CMP< CI^P'. 

CK ^Cl CK ' Cl 

IV. V. 

expected that the link consisting of one shared 
electron (indicated . . .) would have a parachor 
of about —116, since the constant for a four- 
electron link 18 23 2 units higher than the value 
(zero) arbitrarily adopted for a two electron link 
The parachors of a number of compounds of this 
type show negative anomalies of approximately 
this magnitude (Table V) 

The theory of odd electron linkages has been 
apphed by JSugden to account for the parachors 
of a number of co-ordination compounds For 
further details, see S. Sugden, ” I 'he Parachor 
and Valency,” Routlodge, 1930, Chapter VII; 
Sugden and Walott, J C S 1932, 1492 , and for 
criticisms of the hypothesis of singlet Imkages, 
ate N. V. Sidgwick, ” The Electronic Theory of 
Valency,” Oxford, 1927, p 128, Sidgwick and 
Barkworth, J.C S. 1931, 807 ; Sidgwick and 
Bayliss, ibid, 1930, 2027 ; Sippel, Ber. 1930, 68 
[B], 2186 ; Simons, J. Physical Oheni. 1931, 86, 
2118. 


Table IV — Occurrence of Non-polar 
AND Semipolar Doubi.e Bonds. 


Group 

Formula 

Reference 

Efliylenc 

>c =c< 

(*) 

Carbonyl . 

>c=o 

(1.2) 

Thiocarbonyl 

>c=s 

(‘) 

Selenocarbonyl 

>C-^Se 

(«) 

Thi()e.irbimKl(‘ 

--N C-S 

(2) 

N itroso 

—N -O 

(') 

Nitrite 

0 

z 

1 

0 

1 

(^) 

(*) 

Azo .... 

— N-N— 1 

Nitro .... 

0 

Z 

1 

(=) 


0 

Azoxy 

— N 

(-) 


1 



0 


Oxiinmo . 

>C-N- 0— 

(-) 


1 

0 i 




(') 

1 ) 1.170 

- II 


\n 


or 



>C N N 



yN 


Tnazo . 

— II 

(“) 


\n 


01 



— N N rJr N 


i^oNitnlc . 

— N C 

(9 , 0 ) 

Phosjihate 

^ p -- 0 

/ 

/ 

(-) 

Sulphoxulo "I 


Sulphite V 

Sulphinato J 

>s 0 

(') 

Sulphate . ^ 



Sulphonate . > 

>S< 

( 2 . 7 ) 

Siilphonc J 

0 


Selenuxidc 

>Se -.0 

(“) 

Chromate 

>C<° 

(’) 

Osmium totroxide 
Additive com- 

Os( - O), 

(=) 

pounds of BF3 
and others 

>0 > BF3 

(■*) 


Eejerences, 

1 SuKden, J C 8 1924, 125, 117 

2 Sugden, Reed, and Wilkins, ihxd 1925, 127, 1525 

3 Henley and Sugden, ibid 1929, 1054 

4 Lind(‘inuiin and Groger, Ber 1930, 63 [B], 715 

3 Lindemann, Walter, and Groger, ibid 1930, 63 [B], 
702 

<» Lindemann and Thiele, ibid 1928, 61 [B], 1529 

7 Freiinan and Sugden, J C S 1928, 263 

8 Briscoe, Peel, and Robinson, ibid 1930, 66 

9 Lindemann and Wiegrabe, Ber 1930, 63 [B], 1650. 

10 Hammick, New, Sidgwick, and Sutton, J C S. 
1930, 1876 

11 Sugden and Waloff, ibid. 1932, 1492 

Other Applications of the Parachor. — 
Since the parachor is nearly an additivo property 
and IS little affected by the position of an atom 
or Imkage m the molecule its apphcation to 
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Table V. — Singlet Linkages. 


Substance 

Formula 

[/’](ohs) 


(Singlet) 

Refer- 

ences 

Phosphorus pentachloride 

Cl3P( . . . 

Cl)* 

282 5 

309 2 

-13 3 

(D 

Antimony pentachloride . 

ClaSbi . . 

•Cl), 

311-8 

337 5 

-12-8 

(D 

Selenium dihydroxydi chloride 

(HO)s,Se( . 

■ Cl)* 

222 8 

245 3 

-11 2 

(■) 

Tellurium tetrachloride . 

CljTe( . . 

Cl)* 

268 1 

296 6 

-U2 

(®) 

Diphenyl telluridiehlonde 

Ph,Te( . 

Cl)* 

547 3 

568 0 

-103 

(‘) 

Dianisyl tcllundiehlorule 

(C,H,0),Te( Cl), 

663 2 

686 0 

-114 

(D 

Dimethyl telluridichlorido 

(CH,)2Te( 

. CD* 

282 5 

300 2 

-8 8 

{*■''•) 

Diethyl telluridi-ioclide 

fCjH6)jT ( 

. . . Cl)* 

425 0 

451-6 

-13 3 

( 4 , 5 ) 

lodosobenzcno propionate 

CeH,l{. . 

ococ*H5)* 

583 5 

600 8 

-8 6 

(«) 


lieferences 

1 Su«drn, .T C S ]<)27, 1173 4 iJiintJill and Siigden, J (' S 1030, 229. 

2 Henlev and Sudden, lAirf 1920, 1058 5 L(j\\iv and (Ulbert, ifnd V‘29, 20S7 

3 Simons, J Amer (’hem Soc 1930, 52, 34'^S 6 Sidgwn k and Burkworth, 1931,807 


problems of organm structure is limitcfl Apart 
from the cases already consideicd which involve 
the presence or absence of specific linkages 
causing a large change in parachur, the most im- 
portant group of compounds for whidi tins 
constant fan give infoimation about stun tine 
is that in which the possible structures mvoho 
cither a ring or a non-polar double bond Thus 
the replacement of a double bond by a six- 
menibered ring (aus(‘s a fall in parachor of 17 
units and this is 'well ^Mthin the limits imposed 
by experiment and by lack of stiict additnity 
unless the molecule is very large and complex 
This alternative is found in the formula? for 
quinones (VI) and (Vll), and the parachor shows 
clearly that the dikctone formula (VI) is (orrect 
(Garner and Sugden, J C 8. 1927, 2877) 

Similarly succmyl chloride and the low^cr- 
inelting form of phthalyl chloiidc have probably 
fhe symmetiical structure (Mil), whcieas the 
higher-melting, unstable form of phthalyl 
chloride has probably the uns^mmetiical struc- 
ture (IX), llenzil and ^^^/-dimcthoxybenzil are 


also found to have the diketono structure (X) and 
not the peroxide structure (XJ) (Garner and 
Sugden, I c ) 

— c— c— —c-c— 

II II II 

O O 0—0 

X. XI 


A somew'hat similar problem is found in the 
deiuaiives of idiorone which ha\e been studied 
by Ingold and Shoppee (ihid 1928, 3(15). Ac- 
cording to the nature of the substituent X these 
substances show a greater or smaller tendency 
to pass fiom the open chain form (Xll) to the 
bnydic form (XIII) The ])cua(hors show a 
negative anomaly which eoi rc'sponds roughly to 
the degree to winch the bicyelie foim is presemt. 
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IX. 


An application of the parachor to a problem of 
a rather difk^rent type has been made by 
Murnfoid and Phillips {ilnd 1928, 155) When 
j3j3-dichlorodicthvl sulidiido is chlorinated, two 
substances occur among the products, to which 
the formul.T C4H7CI3S and C4H6CI4S were 
originally assigned. Jjatcr analyses showed 
that the formul.e were more probably 
C4H5CI3S and C4H4CI4S and that a moloculo 
of hydrogen chloride had been eliminated during 
the chlorination to give derivatives of vinyl 
ethyl sulphide Hydrogen analyses are rather 
difiicult to cairy out with accuracy in these 
highly chlorinated compounds, but a determma- 
tion of their parachors confirmed the unsaturated 
stiuctures. Neglecting the small difference due 
to the change in molecular weight of two units, 
the difference in parachor between the values 
expected for the saturated and unsaturated 
formula is equal to the difference between the 
constants for two hydrogen atoms and that for 
a non-polar double bond, viz. 34‘2— 23-2=ll*0 ; 
each substance was found to have a parachor 
agreeing with the unsaturated formula. 
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One important group of substances in which 
largo and unexplained parachor anomalies exist 
IS formed by fused metals and salts All these 
substances are not anomalous, thus mercury 
and copper have parachors which are not far 
from the constants obtained from their fusible 
compounds with organic addenda, and ceitain 
salts of amines give normal parachors Many 
other salts and metals, however, exhibit large 
parachor anomalies which may be either pc'sitive 
or negative. For a fuller discussion of these, 
see S Sugden, op at , Chap. Vlll , Mumford and 
Phillips, JCS 1920,2112 

S S 

PARADOL. A yellow pungent oil con- 
tained in the seeds — Grains of Paradise, Guinea 
Giains — of a West African plant, Aframomum 
mclequeta (Vnm Zingiberacea'). The seeds wc^re 
formerly important as a spice and aio still 
prescribed as a caimiriative in \eteiinaiy 
medicine Nelson (J Amftr Chein 8oc 1917, 
39, 1466) separated jiaradol from the essential 
oil also contained in the seeds but did not obtain 
it in a pure state Ciude jiaradol had 
1 0690. Hd +0 2°, nl^ 1 6232, OMe 10 93% 
Treatment vMth dimcdhyl sulphate gave the 
methyl ether, mp 66-65 6°, OMe 20%. This 
substance he considered to be identical with the 
methyl edher of gingerol (Lapworth et al , 
JCS 1917,111,777, v.Vol V, 633c/, 634c ) 

The principal fraction of paradol distilled at 
23n-234"/8 mm, had pf^ 10415, jiJ" 15108, 
OMe 11 1%, and was optically inactive The 
identity with gingerol claimed by Nelson leaves 
unexiilaincd the different reaction with boiling 
jiotassium hydroxide ; gingerol loses its pun- 
gency, while paradol is recovered unalteied 
Gingerol (Lapworth et al ^ I c , p 789) and pro- 
bably also paradol are coni])le\ mixtures For 
further information on A melequeta^ see J 
Hutchinson and J. M Dalziel, “ IWful Plants 
of West Tropical Africa,” Grown Agents foi the 
Colonics, London, 1937, 471, also Vol T, 161a 

J N. G 

PARAFFIN WAX (v. Petroleum Waxes, 
this Vol , p 403c/). 

PARAGUAY TEA or Yerha de Mat6, also 
known as MaU, Jesuit's Tea, or St Bartholo- 
mew's Tea, IS a product of Ilex paraguensis 
(and other species of Ilex) which, indigenous to 
Paraguay and Southern Brazil, is now cultivated 
also in Argentina, Chile, and Peru The plant 
18 a tall shrub, bearing ovate-lanceolate leaves 
about 6 in long, with serrated edges ; the mid- 
rib and veins are prominent at the under side, 
and the veins join again before reaching the 
edge of the leaf, as in the case of ordinary tea. 
'Fhe dried and comminuted leaves are widely 
used as a beverage in South America, and to a 
small extent elsewhere. A variety termed 
Youpon or Cassine, from Ilex cassine, is grown 
and used in some of the southern states of U.S.A 

In the preparation of raat6, the old and some- 
what crude methods have been superseded. Cut 
branches bearing leaves are dried by means of 
hot air, the leaves and stems detached by 
threshing ; these, after a final complete drying 
in a cm rent of hot air, are broken up and packed 


The infusion is made by adding boiling water 
to mat6 in a cup ; after sw^eetening, it is im- 
bibed, usually very hot, by means of a tube 
fitted with a filter. Two or three successive 
infusions may be obtained fiom one lot of mate 
The liquor has restorative and invigoniting 
qualities. It is also variously reputed to be 
aperient, emetic, and diuretic , the last-named 
quality has been attiibuted by Oehrli (Pharm. 
Acta Heh^ 1927, 2, 166) to a small content 
(0 1%) of theobi online Use of th(‘ infusion 
dates only from the settlement of Jesuit mis- 
sionaries in Sf)uth Amcina in the caily seven- 
teenth century 

In Argentina tlie cpiality of mate is controlled 
by law. That piejiared by piimitive piocesses 
IS not admitted , not moie than 26% of stalk or 
20% of fine dust is allowed Other limits of 
composition aie maiuna, moistuie 10%, ash 
S%, acid-insoluble ash 2%, minima, aqueous 


exticut 26%, caileiiu' 0 

1+ 

1938, 

1600) 



Published jieicentage 

analvses langc as 

follows 



Moist uic 

7 0-10 

6 

Aqueous c\ti,i(t 

32 0-19 

0 

Caffeine 

0 1- 1 

6 

“ Tannin ” 

8 0-11 

0 

Ash 

6 0- 7 

6 

(Vude fibie 

16 0-20 

0 


(Fnese, Pharm Zenti 1936, 77, 63, Krauze, 
Mitt Lebensm Hvg 1932,23,218-223, Peyer 
and Gstiiner, Apoth -Ztg 1932, 47, 672-()76 , 
Conneitnut Ague F\p Station lepoits, 1930 
and 1934) 

Mate) (ontams no tiuc tannin, but cafretannin 
or a closcdy-allied (ompound The .upieous 
extract afloids a fine gn'C'ii coloui VMth 10% 
ammonia It also contains an appieciable pro- 
portion of a natuial yellow colouiing matter, 
which IS probably a llavono derivative (Woodaid 
and Covvland, An.ilyst, 1936, 60, 136) 

Reference may also be made to rIo\ce, N.iture, 
1934, 722 and 760. 

Yermat is the name given to a carbonated in- 
fusion of mat^, sweetened and llavoured 
(Analyst, 1932, 57, 169) 

T W H 

PARAMAGNETISM (11 Vol VHI,462/i) 

“ PARAMOL ” 2-Amino-5-hi/drorybenz?/l alro- 
hoi, A photographic developer described by 
Eichengrun (Z angew Chem. 1901, 14, 1070) 
It is prepared from p-introphenol which is con- 
verted into a derivative of benzyl chloiide by 
interaction with hydrochloric acid and formalde- 
hyde , this product is then reduced to the ammo 
compound and at the same time the chlorine 
atom IS replaced by hydroxyl. Its properties as 
a developer are intermediate between those of 
pyrogallol and p-aminophenol Concentrated 
stock solutions can be prepared in sodium car- 
bonate solution It IS a developer suitable for 
both plates and papers but has not attained 
importance. ” Paramol," constitution above, 
should be distinguished from “ paranol ” which 
18 p-aminophenol. 


J. N. G. 
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PARAXANTHINE, or ll-dirmthylxan- 
thme, C7Hg02N4, 


NMe 

CO 

HN 


CO 

c— 

i- 


-NMe 


\ 


CH 


IS a colourless crystalline substance, m p 298- 
299°, difficultly soluble in cold watei, but soluble 
in about 24 parts of boiling watei It occurs 
naturally in hum<in urine (Kruger and Salomon, 
Z. physiol Chein. 1897, 24, 364 , 1898, 26, 350) 
and in whale’s liver (Carter, Mann, .Jenkins, and 
Harley-Mason, Nature, 1943, 151, 728) It has 
a nupked diuretic action; furthermore, anti- 
thyroid activity has also been claimed foi jiara- 
xanthine ((’alter et al , I c ), although the 
physical basis of this claim requires further 
investigation Paraxanthine was first syn- 
thesised by Fischer and Ach (Ber 1906, 39 423), 
who converted 8-chlorocaffcirie to 8-ehloro-3- 
(‘hloromcthylparaxanthine, which, when boiled 
with water, furnished 8- chloropar a xanthine, 
from which paraxanthine was obtained by 
reduction wnth hydrogen iodide This syn- 
thesis has rer’ently been modified and improved 
by Mann and Porter (J.C.S 1945, 751). A 
second synthesis, by the Traube senes of ic- 
actions, w^as carried out by Traube and Dudley 
(Ber 1913, 46, 3839). A third synthesis, in 
wdiK'h 4-amino-l -methyliininazole-5-carboxyl- 
methylamide was cycliscd with ethyl chloro- 
1( innate, was performed by Mann and Porter 
(Ic ), who also synthesised vaiious homologous 
1 7-dialkylxanthines 

These syntheses place the mam stiucturo of 
paraxanthine beyond doubt. The fine stiucture 
IS not certain and is probably dependent on the 
chemical environment ; Ogston ( J C S 1936, 
1370), on the basis of dissociation-constant 
measurements, has allocated a zwittcrion struc- 
tuio to paraxanthine Por absorption spectra 
of paraxanthine and homologucs, see Mann and 
Porter (I c ) 

Paraxanthine forms a w^ell-defined sodium 
derivative^ C 7 H 702 N 4 Na, 4 H 20 , which is only 
slightly soluble in water, and a picrate, 
C7H802N4,CeH307Ng, nip 247-249° (de- 
comp ) Methylation with methyl iodide con- 
verts paraxanthine to caffeine 

Paraxanthine is isomeric wuth theophylline 
(1.3-dimethylxan thine) and theobromine (3 7- 
dimethylxanthino) 

F G U, 

PARCHMENT. Vellum Rolls of animal 
skin had been used for written records in 1500 
B c but according to tradition it was Eumenes 11 
of Pergamum (197-158 B c ) who first established 
the manufacture of parchment and vellum as 
improved supports for writing. Moreover, both 
surfaces of these sheets could be used so that it 
was an obvious development to bind the sheets 
together to form codices or books (E. M. Thomp- 
son, “ Greek and Latin Palaeography,” Oxford, 
1912; F G. Kenyon, “ Books and Readers m 
Ancient Greece and Rome,” Oxford, 1932). 


The modern manufacture is believed to resemble 
the ancient practice and may be summarised .is 
follows : Sheep and she-goat skins are used for 
parchment, skins of finer quality from calves, 
kids, and newfiy-born lambs yielding vellum. 
The skin nJter soaking in a lime pit (r Vol VII, 
2636) is shaved, w^ashod, and pegged out tightly 
on a wooden frame to dry Both sides of the 
skin are now scraped with a knife, the fie.sh side 
IS sprinkled with chalk or slaked lime and rubbed 
with pumice stone ; at this stage the gram side 
IS only nibbed with pumice stone, and the skin 
IS allow'ed to diy upon the trame The skin is 
next transferred to another frame where it 
lemams at a lower tension than before, and its 
thickness is equalised by scraping the gram side 
with a shaip knife; finally, any irregularities 
are lemoved by rubbing with fine pumice stone* 
(” lire’s Dictionary of Arts, Manufactures, and 
Mines,” by R. Hunt and K W Rudler, 7th cd . 
London, 1875, Ifl, 513, rf Band, B P. 11693, 
1893, 14384,1894) 

Papyrus, the writing mateii.il of the ancient 
world, which remained in use until the fifth 
centuiy A D , was prepared by cutting vertical 
strips from the stem of the paper reed, Cyperm 
\ papyrus^ which flourished in the Nile delta. The 
stiips were arianged at right-angles m two layeis 
which weio pasted together, pressed, and dried 
in the sun The sheets were then fastened 
together to form a band which was wound up on 
two sticks (Pliny, Nat Hist XIII, cc 11, 12). 
The papyius roll was eventually siipeiseded by 
the paichmeiit or vellum codex or book 

.1. N G 

PARCHMENT PAPER. VeqetahUParch^ 
mentis a modified paper, glossy, semi-transparent , 
and tough, resembling parchment. It is pro- 
duced from selected papers, preferably rag or 
bleached sulphite cellulose, by the action of 
either sulphuiie and, /mo chloride solution, or 
cuprammonium solution The parchmentismg 
treatment applied to cellulose material is usually 
understood to mean the sulphuric acid process. 
Cotton fabiics can be pai chmentised to give a 
variety of effects, fioin semi-transparent to 
wool-liko (v Vol V, 191). 

In the manufacture of parchment paper by a 
continuous process a band of paper is passed 
under glass or lead i oilers revolving m sulphuric 
acid (about 77%) and kept at a temperature 
between 10° and 15°c. The speed of the paper 
band is adjusted to give a predetermined time 
of contact with the acid of between 5 and 20 
seconds. The nature and porosity of the paper 
are factors affecting the duration of contact 
The treated paper passes between rollers which 
squeeze out the excess of acid and then through 
washing tanks, one of which contains dilute 
ammonia. The final washing (Arnold, B.P. 
8130, 1855) IS by a water-spray Neutrality is 
important. The washed paper is then dried by 
passage over heated felt-covered cylinders and 
IS calendered. A suitable arrangement of tanks 
and adjustable rollers is described by Sansen 
(J S C I 1912, 31, 636). The prolonged action 
of sulphuric acid on cellulose has been fre- 
quently studied, notably by Girard (1875) who 
prepared hydrocellulose, a friable substance, 
with a dilute acxd and by Stern (1895) who 
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obtained cellulose sulphuric acid esters in solu- 
tion in the concentrated acid. Mercer (1850) 
observed the parchmentising effect of a bnef 
contact with sulphunc acid of 77%, and Warren 
de la Rue (1861) manufactured parchment paper. 
Some later researches have been directed to the 
possible formation of cellulose hydrate under 
parchmentising conditions The cellulose is 
gelatinised and swollen by the action of the acid 
and the effect of water is to precipitate a cellulose 
colloid (formerly termed “ amyloid ”) on and 
between the fibres. The product is more hygro- 
scopic than the original cellulose, but does not 
appear by A-ray examination to be a hydrate of 
cellulose (see Vol. II, 459 , J. T. Marsh and F C. 
Wood, “ Chemistry of Cellulose,” 3rd ed., 
London, 1945, Sakurada et al., Applied 
Chemistry Reports, 1933, 18, 181) 

For a given paper there are critical acid con- 
centrations, temperatures, and times of contact 
to be observed and several processes are intended 
to facilitate control of the conditions. Rarctt, 
Foulds et al (B P. 200881), add 0 5-1 0% of 
formalin to the acid and in addition may em- 
ploy two acid baths of different strengths, 74 and 
55% (BP. 230530; cf BP. 123594). The 
destructive action of the acid may also bo 
retarded by dissolving in it pyridine (G P. 
433180) or an aminotnazene such as melamine 
(U.S.P. 2299200; c/. U.S.P. 2174534). 

Thicker parchment paper used for making 
buttons 18 made by pressing together several 
layers while still wet with acid. For a collection 
of patents on parchmentising cellulose, see 
E. Sedlaczek, ” Mercerisierungsverfahren,” Ber- 
lin, 1928. See also J. T. Marsh, ” Mercerising,” 
London, 1941. 

Recovery of waste acid by concentration may 
be preceded by addition of nitric acid and heat- 
ing to 100°; organic matter in solution which 
would otherwise char is thus destroyed (U S P 
2069472; c/. G.P. 418831). 

Properties , — ^The standards proposed by Arup 
(Analyst, 1931, 66, 149; Amer. Chem. Abstr. 
1931, 25, 2206) are : moisture content not 
greater than 10%, the wet strength at least 33% 
of the original strength, the ash should not 
exceed 0*45%, and the water-soluble extract 
1*30%. Vegetable parchment containing a high 
extract is liable to attack by mould growth. 
Fortim et al, (J.S.C I. 1913, 82, 282) found 90- 
55% for the wet strength of genuine parchment 
paper; the corrospondmg figures for imitation 
parchment paper (see below) were 70-10% 
Solechmk (Amor. Chem. Abstr. 1935, 29, 1244) 
estimates the degree of parchmentisation by 
measurmg the transparency with a selenium 
photoelectric cell. A higher transparency results 
from a prelimmary mercensation with 18% 
sodium hydroxide and subsequent treatment 
with 80% sulphuric acid. The opacity of genume 
parchment paper to the ultra-violet has a pre- 
servative function for packed foodstuffs (Sommer 
et al,f B. 1933, 620 , Strachan and Davies, Chem. 
and Ind. 1934, 973). Commencal parchment 
papers differ in this respect, and greaseproof 
paper is not opaque (Schlemmer, Amer. Chem. 
Abstr. 1935, 29, 2611) An autocatalytic oxida- 
tion of butter fat may also be promoted by traces 
of metallic salts; 22 p.p.m. of copper and 50 


ppm. of iron were found in parchment paper 
but these quantities did not accelerate the 
oxidation of butter fat in contact with the parch- 
ment (Strachan and Davies, l,c ) 

The rate of transmission of aqueous vapour in 
both directions through the wrapping of food 
packages has been studied Carson (ibid 1937, 
31, 8748) measured the permeability of pack- 
aging materials to water vapour and suggests a 
standard method. Oswin (J.S.C I 1945, 64, 67, 
224) calculates a safety factor defining spoilage 
from the rate of transmission of aqueous vapour 
through the wrapping, but the result is criticised 
by Grover (Chem and Ind 1945, 175). The 
defect of brittleness in parchment paper is 
obviated by treating the paper with hygroscopic 
substances (Strachan, Food, 1933, 2, 187) which 
impart flexibility ; these include calcium 
chloride, calcium propionate, magnesium gchlo- 
ndo, glycerol, sugar. The two ad(Jitions last- 
named favour the growth of moulds, while the 
salts should not be brought into contact with 
food (Burr eUZ., J S C I 1912, 31, 811 , Strachan, 
l,c,). 

Parchment paper is used as a wrapping for 
butter and other foods, for tob.icco, as covers 
for jam jars, for sausage skins, etc 

“ Pergamyny' “ Olassine,'^ — Imitation parch- 
ment paper is obtained by a mechanical process 
in which the paper pulp is beaten with blunt 
knives m a hollander until the fibies are swollen, 
fibrillate, and adhesive Although of similai 
appearance the finished paper is not so water- 
and fat-resistant as the genuine produc t Simple 
tests will detect the imitation ( 1 ) obsei vation 
of a transverse section in polaiised light, the 
genuine being dark ; (2) boiling a specimen in 
dilute sodium hydroxide solution, the imitation 
being disentegi ated ; (3) the wet bin sting 

strength of the genuine is higher 

“ Cellophane ” (v, Vol II, 442d) is a trans- 
parent film of regenerated cellulose made by the 
viscose process and widely used for packaging 
This film and cellulose acetate film are described 
by M. Halama, “ Transparentfolicn,” Bcrlin- 
Steglitz, 1932 In wet strength, viscose film 
IS inferior to genuine vegetable parchment. 

Vulcanised fibrcy which has no relation to vul- 
canised rubber, is a modified paper in which 
the fibres have been gelatinised by contact with 
warm concentrated zinc chloride solution and 
then subjected to the coagulating effect of water. 
The process and plant resemble those in use for 
vegetable parchment with important differences 
In the sulphuric acid process (^ee above) only two 
or three layers can be united before the mass 
pulps (Williams, J.S C I 1921, 40, 224t) In 
the zinc chloride process many layers can bo 
coalesced but a prolonged washing is necessary. 
The acid bath for vulcanised fibre may be 65% 
zinc chloride solution at 40°c or a 70% solution 
at 35°c. and adjustments are made in the con- 
ditions according to the quality of paper used. 
The treated material is wound up on a large 
heated roller until of the desired thickness. It 
18 then washed in tanks containing zinc chloride 
solutions of successively increasing dilution and 
finally in water. Sheets J in. m thickness require 
2 months washing, 6-8 months for those of 
2 inches. The washed product is dried at 40^ 
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60°, pressed and calendered. The product is a 
very hard mass, grey unless the paper was 
coloured by incorporation of pigments, and can 
bo worked with machine tools. Packing rings, 
travelling trunks, rollers for printing machines, 
etc , are made from the material, which has the 
disadvantage that it swells if immersed in water 
Although a bad conductor of electricity it is not 
a reliable insulator. 

Cuprammonium solution (v. Vol. Ill, 355a) 
parchmentiscs and rapidly dissolves cellulose 
(jMcrcer, B P. 13290, 1850). Paper, ropes or 
canvas may be immersed in cuprammonium 
solution until the outer fibres are gelatinised, and 
the material w^hen dried is a green waterproof 
pioduct, eg , “ Wtllesderi canvas ” (BP. 3685, 
1877; 185, 1878; 5054, 1894). 

For further information on cellulose fibres, 
see P. H Hermans, “ Conti ibutions to the 
l^hysics of Cellulose Fibres,” Elsevier Publishing 
Co , London, 1940 ; Haller, Amer. Chem. Abstr. 
1910, 40 , 4219 

J. N G 

PARKERISING (v. Vol. Ill, 392d, VII, 
493r/) 

PARMONE. A ketone, C13H20O. Occurs 
in oil from violet fioAvors, phenylsctntcarhazoiie, 
m p 100-108°, ^-bromophenylhydrazonCt m p 
132-133° (Buzicka, Compt rend Cong. Chim 
Ind 1937, 915) 

J L S 

PARSLEY {Apiuyfi ji^^^oselinium L ) A 
common garden herb mmh utilised in flavouring 
and garnishing Agcaoili (Philippine J Sci 1910, 
11, 91) recoids Water 85 7, protein 3 82, fat 

1 39, nitrogen-fiee extract 4 82, fibre 1 52, ash 

2 75% Peterson, Elvehjem et a/., (quoted by 
A L. and K. G B Winton, Structure and 
Composition of Foods.” New York, 1932-1939) 
state that parsley leaves contain a considerable 
])Toportion of iron (192 mg per kg fiosh weight) 
and small amounts of copper (2 1 mg per kg ). 
Leaves, stems, and seeds contain apiin (v 
Vol. I, 450c), probably the glucoside of apigenm 
(?’ Vol. 11, 5205) Hydiolysis yields apiose, 
glucose, and apigenm According to von 
Gerichten (Ber. 1900, 33, 2334) a lutcolm mono- 
methyl ether is also present m the leaves 

A G. Po. 

PARSLEY, ESSENTIAL OIL OF. 

Parsley Oil The characteristic components of 
parsley oils, of both the essential oil and the 
crude fatty oil (?;. infra) are phenolic ethers of 
safrole German parsley yields mainly apiole, 
2 5 - dimethoxy - 3.4 - mothylencdioxy - 1 - allyl- 
benzono : 


CHgCH CHg 


OMe 


MeOl 



In Dutch, English, and French parsley oils 
this compound is replaced by myristicin, 5- 
methoxy - 3:4 - methylenedioxy - 1 - allybenzene. 
The German essential oil is often a semi-solid 
mass of apiolo crystals, “ parsley camphor.” 
In French oil Thoms (Ber. 1908, 41 , 2753) 
found a new ether, 2 , 2 ‘X\^detramcthoxy-hallyl’ 


benzene. Parsley fruit when distilled yields a 
colourless or yellow oil with an odour different 
from that of the herb. The constants of an 
Enghsh product were : yield 2 99% ; p 1-061 ; 

1-5168; opt. rotation —3 4°; solubility in 
80% alcohol 1.3 5 (Matthews, Perf & Essent. 
Oil Rec. 1940, 31, 60). A French oil contained 
a fraction giving the reactions of Lpmene 
(Thoms, Ber 1903, 36 , 3453). The oil distilled 
from parsley leaves had p^® 0 911 ; [a] +6° 0' ; 
Wj) 1 5029 ; acid val. 14; sap val 10 3 
(Guenther, B 1937, 1407). “ Apiolin ” pre- 
pared by distilling the unsaponifiable portion of 
“ Liquid Apiol ” (v infra) had p 1 125 ; b p. 
280-300° , sap. val. 0 (H. Thoms, “ Pharraazie,” 
Berlin, 1927, VI, 1, 194). See alsoB.V.C. 1934, 728. 

J. N G. 

PARSLEY, FATTY OIL OF. Apiol 
Oleoresin of Parsley Fiuit is contained in a senes 
of pharmaceutical preparations obtained by 
extracting parsley fruit with volatile solvents, a 
final purified product from German parsley being 
crystallised apiolo (?;. supra). The single ex- 
traction with alcohol, ether, or light petroleum 
yields mixtures of essential and fatty oils 
Olcoresm of Parsley Fruit fotmeily in U S P is 
a green oil obtained by extraction with ether 
and corrosjionds to ” Green Apiol ” (B P C 1934, 
145) Walmsley (Quart. J Pharm. 1028, 1, 388) 
found for this product yield, 23 5% , p 0 9355 , 
sap \al 162 6 equivalent to 85% glycerides It 
is purified by treatment with litharge and bone 
black to give “ Yellow Liquid Apiol ” “ Liquid 
Apiol ” IS the alcohol-soluble fraction of a light 
petroleum extract “ Apiol ” from extraction 
With 90% ah’oliol is a brownish-green mass, 
p 1 030, sap val. 8175. Apiol (v. supra 
“ Essential Oil of Parsley ”) is prepared 
from “ Green Apiol ” of Gorman origin by 
repeated crystallisation from alcohol ; it forms 
needles, m p 30° , b p 294°/760 mm. Soluble 
in organic solvents. Boihng with alcoholic 
potassium hydroxide gives imapiole by con- 
version of the allyl into a propenyl group 
Myristicm (v. supra “ Essential Oil of 
Parsley ”) is a liquid, b.p 149 5/15 mm , 
p2Q 1 1437 , 1 5403 ; a similar conversion 

yields immynsUcin, m.p 44° , b p 166°/18 mm. 

The isomeric apiole in dill oil anci oil of 
samphire is 5 0-dimethoxy-3.4-methylenedioxy- 
1-allybenzene (A. 1909, 1, 042 ; 1926, 1036). 

Vongerichten et al. (J.C 8. 1909, 96 , 1, 454) 
isolated from the fat of parsley fruit a new fatty 
acid, petroselic oetd, J® ^-octadecenoic acid, 
CH3 [CHoVCH:CH-[CH 2]4 COOH. Hil- 
ditch et at (J S C.I. 1927, 46 , 174t) confirmed 
this observation By extraction of English 
fruit with light petroleum they obtained 20-5% 
of fatty oil and 4 5% of non-fatty oil. The fatty 
acids were : petroselic 70% ; oleic 15% ; Imolcic 
6%. The non-fatty oil contained ca. 70% of 
phenohe ethers, at least 60% of myristicin ; 
apiole was not identified About 2% was found 
of the hydrocarbon wax, petrosilanCy C20H42, 
m p. 69° (Matthes et al. J.C S. 1909, 96, ii, 754) 

Therapeutic Uses. — Parsley oil and extracts of 
parsley fruit have been prescribed in dysmenor- 
rheea and as a diuretic. Preparations such as 
green and yellow apiols, apohn, fractions of 



234 


PARSLEY, FATTY OIL OF. 


parsley oil exerted similar physiological and 
toxic actions. Myristicm is less active and less 
toxic, ate Lutz and Oudin, Chem. Zontr 1909, 
I, 1254; Lutz, ibid 1910, I, 1275; Chevalier, 
ihid. 1910, I, 1799; Christomanos, Amer. Chem 
Abstr. 1928, 22, 276 ; Patoir et al A. 1935, 1533 , 
Frappi, Amer. Chem. Abstr. 1936, 30, 164, 
Mam, ibid 1939, 33, 7893 The efficacy of 
apiol preparations has been questioned in U S D 
22nd cd , 1937, 1509 , they are not included in 
the British or Amciican Pharmacopoeias 

Adulteration and Poisoning Ejects — There 
has been videspread adulteration of apiol 
chiefly with the toxic substance tii-o-cresyl 
phosphate (Extra Pharm 1941, i, 200, Brit 
Med. J. 1933, ii, 579) which causes polyneuritis : 
see von Italhe, Amer. Chem. Abstr. 1932, 26, 
5336, Kalbflcisch, A. 1933, 1078; Tiffeneau, 
Amer. Chem Abstr 1934,28, 1774, Herrmann, 
ibid. 1934, 28, 6248 

Detection and Determination — Lcspagnol el al 
(ibid 1942, 36, 1388, 1945, 39, 5209) detect 
apiole in body fluids by a modification of 
J^abat’s colour leaction (J C S. 1909, 96, ii, 710, 
771). According to Walmslcy {/.r ) the test is 
unreliable Apiolc may bo determined by a 
titration method with bromidc-bromate (Vignoli, 
Chem Zentr 1933, II, 1728) Wmdisch (ibid 
1934, II, 1171) separates the components as tri- 
bronioapiole, m.p 118-120°, and tiibromo- 
myiisticiii, m.p 126-129° King (Analyst, 1929, 
64, 567) determines apiole by a modihed Zeiscl 
method Tii-o-cresyl phosphate is detected by 
saponifying, acidifymg, extracting the cresol for 
identification with ether, and testing the aqueous 
portion for phosphoric acid. An unstable form 
of apiole, m p. 18-19°, was obtained by siiper- 
coolmg (A. 1930, 846). 

J. N. G 

PARSN I P (Peucedanum sativum Benth. and 
Hook, or Pastinaca saliva L ). An umbelli- 
ferrous fleshy-rooted vegetable in common use 
in temperate climates for domestic purposes 
It IS frequently growm in some districts as a 
winter food lor cattle and horses. Typical 
rccoidcd analyses arc 


Whole root 

Water 
80 0 

riotnii 
2 2 


Fat 

0 4 

Edible portion 

83 2 

1 C 


04 


SuKur 

Nitiogen- 

freo 

extract 

Fibre 

A^h 

Whole root 

^ V ^ 

148 

3 0 

1 0 

Edible portion 

23 

8 1 

1 3 

1 3 


The improved flavour of parsnips following 
exposure to frost is attnbuted by Boswell (Maiy- 
land Agric. Exp Sta 1923, Bull 258) to stimu- 
lated hydrolysis of starchy matter to sugar 
initiated during thawung The ash of parsnips is 
notably rich in potassium Haskins (Massachu- 
setts Agric Exp. Sta. Spec. Bull. 1919) quotes 
the following mineral analysis as percentage of 
the fresh weight of the root • HgO 80 3, KgO 
0 62, NaaO 0 01, CaO 0 09, MgO 0 05, P2O3 
0 19%. Peterson, Elvehjem et al. (quoted by 
A L. and K. G. B. Winton, “Structure and 
Composition of Foods,” New York, 1932-1939), 
record iron 10 7 and copper 1 2 mg per kg. of 
fresh parsnip root. 


I The vitamin-(7 content of parsnips averages, 
in November, 15-30 and after storage until 
February 2-18 mg. per 100 g 

A. G Po. 

PARTIAL MOLAR QUANTITIES.— 

Physicochemical properties of systems are of 
two kmds, intensive and extensive. The 
magnitude of intensive properties does not 
depend on the amount of matter m the system ; 
the magnitude of extensive properties does. 
Temperature (T), pressure (P), density (p), com- 
pressibility (j8), and viscosity (77) are instances of 
intensive properties. Volume ( F), energy (P), 
heat content (H), free energy (A), and Gibbs 
energy (0) are examples of extensive properties. 
When, to any system, however complicated, a 
gram-molecule of any of its component species 
IS added, the magnitude of all the extensive 
propel ties of that system is altered. The in- 
crease in the magnitude of any given extensive 
property of a large system caused by the addi- 
tion, at constant temperature and piessure, of 
one gram-molecule of any component is termed 
the partial molar quantity. 

Let the property concerned be denoted by Y, 
and let it be assumed that X for the whole 
system is a function of its temperature, its pres- 
sure, and of the numbers n^y ^3, ... of 
giam-molecules of the various components 
Then 

X-f(T, P, Wi, Wg, ??3, . . .) . (1) 

Any change in X may be formulated as follows : 

dA'^(9A7aT)p, 

m, «2, nj, 

+ (c'A7P»i)r,7',«2«3, 

+ {0A/aTOij)y^ P, ni,ni. 



In particular, any change m X at constant 
temperature and piessure (when d7^=0 and 
dP— 0) may be formulated as follow's 

+ p. m, nj, . ‘ \ (3) 

+ (®-^73«a)p,P,„,,«j,„4; •••J 

To s«ivo space the subscripts denoting (*onstancy 
of temperature and pressure will be omitted, but 
should not be forgotten. Then 

dA=(aA7a»i)„^_„j_ d»i 'j 

+ (0A7anji)„j d»i2 I (4) 

+ -dWa+.-J 

But, by definition, each partial differential 
coefficient stands for the partial molar value 
of X with respect to the component the amount 
of which IS vaiied, and may be denoted thus 

^i=(a-Y/a«i)„j, 

A%-(aA7a«j)„j^ • (5) 

Hence 

dX^A\d?Ji-f-X2dri2+X^3dw3-|- ... (6) 

This expression may be integrated from zero 
values of Wg, . . ., and consequently from 
a zero value of X, to final values n^, n^y nj, ., 
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while the ratios . . . are maintained 1 

constant during the mtegration. Because of this 
stipulation of constancy of composition, the 
various partial molar magnitudes Aj, Ag, . . . 
also remain constant throughout ; and we obtain 

A= A2W2+ A3W3+ ... . (7) 

From this equation, we see that is the magni- 
tude of X wliicji we must asciibo to one gram- 
molecule of the species 1 m order to be able to 
express the total magnitude ot the property X 
foi the system on a molai additivity basis Lot 
us now ditferentiate equation (7) without im- 
posing the aitificiality requiicd for its deriva- 
tion. Then 

dA'=Xid?i^-hWidAi-|-X2dn2-|-W2dZ24- . . (8) 

By subtracting this expicssion from equation (6), 
the formula of Gibbs and l)uhcm is obtained : 

W2clZ2+WjdX34- . . . (9) 

Let the total number of gram-molecules in the 
system be denoted by n 

7i = ?i^+7i2+^ij'l (10) 

and the molar fractions, r, of the various com- 
ponents then become 

jL^='niln, 

’ . ( 11 ) 

The molar \ aluc of the propel ty X for the system 
as a w^holc is debned as 

X^X/n .... (12) 

It IS the magnitude of the property in question 
possessed by a system which contams, iti ally one 
gram-molecule of substance. Equation (7) may 
now bo wTittcn m terms of molar fractions 

A 2 A2-h^jA3-|- • • (13) 

Methods of Determining Partial Molar 
Quantities. — Many methods ha\o been used to 
measure the paitial molar quantities of the 
various components in complicated systems 
When the property X can be expressed analyti- 
cally as some simple algebraic function of the 
numbeis of gram-molecules of components, such, 
for example, as follow^s . 

-f a2n2+Z^2^2^+C2n2®, . . (14) 

equation (5) gives : 

and 2 3^2^2^ * * (1^) 

This IS the form in which the partial molar heat 
contents of solutes in aqueous solution have 
generally been recorded. A second analytical 
method, making use of the conception of an 
apparent molar quantity, is described in a later 
section, dealing with specific heats. In the 
absence of an analytical expression, X for the 
system may be represented graphically as 
separate functions of the numbers of gram- 
molecules of the various components, when 
18 given directly as the tangent 
The problem is naturally much simpler in 
systems of only two components, to which the 


general method of intercepts may easily be 
applied. Let x stand for the molar fraction of 
component 1, so that (l—x) is the molar fraction 
of component 2 Equation (13) thus becomes 

X=^X^x-\-X^{\-r) 
-=:X^+(X^~X^)r . . ( 10 ) 

The gradient at any point on the curve (Fig 1) is 
{dxidx)==x^~x^ . . . (17) 

The value of X corresponding to the intercept 
IS found by subtracting from the value 
given by equation (JO) the increment (Z^ — Ag)*:. 
Similarly, the value of X corresponding to the 
mteicept x=l is found by adding to the 
value given by equation (10) the increment 
(Zj— Z2)(l— a) Those facts are made clear 
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Fig. 1. — The Determination op Partial 
Molar Quantities for Binary Systems 
BY THE Method of Intercepts. 

from an inspection of the straight lino m Fig. 1. 
Wo have, then, 

Z(.^-()) Z2 

and Z(.i=l) Zj .... (IS) 

This convenient method is the one generally 
employed m dealing with binary systems. 

Partial Molar Volumes. — Suppose that 
the weight per cent., w, and density, p, of a 
binary liquid system of various compositions are 
given. In handling the data, it is necessary to 
fix the mind’s eye on a given quantity of the 
system. What quantity is immaterial; so 
100 g. IS kept in mind in all cases. If w refers to 
component 1, and if il/^ is its molecular weight, 
then the number of gram-molecules in our 100-g. 
system is 

.... (19) 

The number of gram-molecules of the second 
component is obviously 

n2=(l00—w)IM2 . . . ( 20 ) 

The volume of the 100-g. system is clearly 100/p ; 
hence the molar volume of the system is 

F= 100/(711+ Wa)p . . . (21) 
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Tho molar fraction of the first component is, by 
definition, 

a^i=Wi/(wi+W2) . . . (22) 

These conclude the algebiaic steps. Values of 
V must now be computed for all values of 
varying from 0 to 1. F is now plotted as a 
function of x^, and tho partial molar volumes of 
both components are obtained as the two mter- 
cepts made by tho tangents. An example is 
afforded in Table land big 2 That^the paitial 



0 0204 06 0810 


— >x 

Fig. 2 — The Partial Molar Volume of Per- 
chloric Acid ( Fj) and the Partial Molar 
Volume of Water (Pg) 15 °c. 

The middle curve shows the molar volume (F) ol tho 
solution X is the molar fiaction ot the acid 

molar volume of water in tho pure eleetiolytc 
should be zero is a mere accidont. Paitial 
molai volumes may well be negative, as some 
of tho figuies m Table 11 indicate. 


Table 1 — Partial Molar Volume (in o.c ) 
OF Water and Perchloric Acid at 15°c. 



V 

Vt 

Vz 

0 

180 

40 9 

18 02 

0 1 

20 4 

42 5 

17 9 

0 2 

22 0 

44 3 

1 17 5 

0.3 

25 0 

47 2 

10 8 

0 4 

28 9 

49-5 

15 2 

0 5 

33 0 

52 5 

13 5 

0 6 

37 2 

51 2 

118 

0 7 

41 6 

55 4 

9 5 

0 8 

47 5 

50 1 

5 9 

0 0 

52 9 

60 85 

2 0 

1 0 

50 9 

50 9 

0 


Neither a zero nor a negative partial molar 
volume is difficult to understand. Zero volume 
may indicate that tho component concerned 
dissolves by finding nooks and crannies in the 
structure of tho other component, into which 
it enters without influencing it. This is the 
behaviour one w^ould rather expect when small 
molecules dissolve among large molecules. The 


clue to the negative partial molar volumes is 
provided by the fact that they are prone to 
appear with highly charged cations. The 
Coulomb field exerted by those ions is strong, 
and they draw to themselves water molecules, 
which they orient radially and bmd firmly. 
Such a bound and clamped water molecule 
naturally occupies less volume than a free w’^ater 
molecule. It is merely the algebra of the thermo- 
dynamical treatment that makes the contraction 
of the solvent appear as a negative volume attri- 
buted to tho solute Other factois, of course, 
enter, and to these some reference is made in a 
later section 


Table II. — The Partial-Molar Volumes of 
Certain Electrolvtes in Infinitely 
U iLUTR Aqueous Soi.ution at 25°c 


Ll( ctroh to 

(oi)SCi \ od) 

F° (ooinputod). 

HCl 

18 2 

18 

2 

LiCI . . . 

17 1 

1 

1 

NaCI . . . 

10 3 

10 

3 

KCI 

20 4 

> 20 

4 

KF 

07 

0 

7 

LiOH 

-0 0 

-6 

1 

NaOH . . 

-0 7 

-0 

9 

KOH . . 

2 9 

3 

2 

BaClg . . . 

23 0 

23 

6 

CaClg 

18 3 

18 

3 

HCIO^ 

41 1 

41 

1 


It IS the noimal jiTacticc of thephj-sical chemist 
to split up piopeities found for the two ions m 
an c'lcctrolvte into sepaiate values for both. 
This practice was initiated by Kohlrausch 
Possible, but by no means final, values of tho 
paitial molar volumes of cc'rtam ions in w^ater 
at great dilutions are showm in 'liable III The 
volume'? given in tho last column of Table II 
liave been obtained by addition of tho partial 
ionic volumes. 

Table III — The Partial Molar Volumes 
(in c c; ) OF Ions and Simple Molecules 
in Infinitely Dilute Aqueous Solution 

AT 25‘’c 


Solute 

F^ 

Solute 

p- 


.^)0 

F- . . 

-0 5 

Li' I 

3 9 

Cl . . 

13 2 

Na' 

3 1 

OH- . 

-10 0 

K+ 

13 2 

CIO4- 

30 1 

Ba-+ ' 

-2 8 

CO{NH,), 

44 3 

Ca+ + 

-8 1 

ei2Hj20ii 

210 0 


The Inter-relationship of Partial Molar 
Quantities. — Tho thermodynamic formula) used 
for systems of one component, such, for example, 
as 

G==II-TS, . . (23) 

Cp={drJldT)p. . . (24) 

V=-{dGldP)2., .... (25) 

and S-^-(dOldT)p . . . (26) 
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may be applied, mutcUts mutandis, to partial 
molar quantities. Thus 

d,^ri,~TS, (27) 

Cp^=(dHJdT)p, . . . (28) 

Ei-=(dGi/dP)j,, . . . (29) 

and 8^=-{dajdT)p, . . (30) 

The partial molar quantities \\hich have been 
investigated with the gieatest thoroughness arc 
those relating to aqueous solutions of electrolytes, 
and to some of them we accoidingly apply these 
formulje. 

Partial Molar Properties of Electrolytic 
Solutes. — A solution, of total volume, F, at 
temperature, and at atmospheric pressure, 
may be considered to contain ions, with 
radius and charge e^, Ag ions with radius rg 
and charge Cg, and generally No ions with radius 
and charge We denote the dielectric* 
constant of the medium by the letter D. The 
partial Gibbs energy (not the partial molar Gibbs 
energy) of the ions may be represented by the 
equation 

Q^G^■V2:N^\hT\wh-V{frl^I)r^)-^^^^ (31) 

where the ionic concentration, m ions per c.c., is 

(32) 

and Ci^/DhT . . (33) 

The thiee terms in the biac*kets are associated 
with the names of van’t Hoff, Born, and Debye, 
respectively The fiist term represents the 
energy which is possessed by all freely moving 
particles, whether in the gas phase or in solution 
The second term is the electiostatic oneigy 
possessed by a sphere of charge e and radius r in 
a medium of uniform dielectric capacity, D 
The last term is the diminution in electiostatic 
energy due to the presence around each ion of 
ions with opposite chaiges. The remaining 
term, G°, is clearly the Gibbs energy of the un- 
charged particles when at unit concentration 
(ni—1), and arises m part from internal motions 
and in part from in tei action with the solvent 
On applying equations (30), (29), and (27), wo 
obtain the formulie 

S^S°-I:N^[h\nnl-kTa+(e^^L|2Dr^) 

-f(ei2A76DT)(l~3LT-f aT)] . (34) 
V:==^V°■i-I:N^{kTp-(e^^|2Dr^){d\uD|dP)r^ 

+ (et2A72D)[(dlnD/dP)^-j3/3]} . (35) 

and 

H=H°+I:N^[kT^a+(e^^|2Dr^)(l-LT) 

-(e^^K|2D)(l-^LT-\-iaT)\ . . (36) 

where 

a=(l/F)(dF/dT)3, . . . (37) 

L=-{llD)(dDldT)p . . (38) 
and iS=-(l/F)(dF/dP)ji . . (39) 

When £Ni represents the total number of ions 
from one gram-molecule of the electrolyte, these 
expressions are partial molar quantities. They 
have been extensively investigated. 

Partial Molar Specific Heats and the 
Concept of Apparent Molar Quantities. — 
The following considerations refer to systems at 
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constant pressure, but the subscript, as m 
previous passages, is omitted. The amount of 
heat, Cf required to bring about an increase in 
temperature of one degree in a system containmg 
1,000 g of solvent and 7n gi am -molecules of 
solute, may be refeired to as the heat capacity 
of the solution of molarity m. Further, let 

Cj -the partial molar heat capacity of the 
solvent, 

Cj® -the value of wlion ?/? is zero, 

Cg - the paitial heat capacity of the solute 
(~~-dCldm), 

and Cg® - the value of Tg w hen m is zero. 

A directly measurable quantity, 0, may now 
be dehned by the equation 

(l,000/J/)Ci®}/w . . (40) 

0 IS seen to be the dificrence between the heat 
capacity, C\ of the system and the heat capacity 
of the pure solvent (of molecular weight Jl/), 
divided by the number of gram -molecules of 
solute in 1,000 g. of solvent. It is termed the 
appaient molar heat capacity. On differentiating 
with respect to m}l^, we obtain : 
d0/dmi/‘2 = 2mi/2 [( 1 /w )(dC'/d w ) - ( 1 /tw g) 

[(7-(l,000/m)Ci®]} 
--=(2/mV‘7(c7-^) (41) 

licnee 

Cg-^-i (//d/2/2)(d0/dt/d/2) . . . (^2) 

The value of0 coriesponding to a zero value of 
7)1 is identical with Cg®, whuh is the partial molar 
specific heat of the solute at infinite dilution 
8omc experimental values are shown m Table I F 

Table IV — Partial Molar Specific Heats, 
Cg®, OF Certain Electrolytes at Infinite 
Dilute in water at 25°c. (g.-cal per 
O.-MOL PER degree) 


Solute 


Solute 

C 2 O 

NaCI 

-23*3 

KCI . . 

-28 5 

NaBr 

-24 5 

KBr . . 

-29 7 

Nal 

-24 8 

Kl . . 

-30 1 

NaNOg . 

-120 

KNO 3 . . 

-17 2 

NagSO^ . 

-50 0 

KgSO^ . . 

-60 6 


The Chemical Potential. — The most im- 
portant of the many partial molar quantities is 
the partial molar free energy or the partial 
molar Gibbs energy. This is defined by either 
of the relations 

^,=:(d^/dA,)2T . . (43) 

or . . • • (44) 

and IS known, for the sake of brevity, as the 
chemical potential. Its importance lies in that 
this 18 the property of molecular species which 
determine their equilibrium relationships. 
Chemical equlibrmm results when 

ft (reactants) =jLt (resultants) . . (45) 
and physical equilibrium when 

/i (one phase) =/x (second phase) . (46) 
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For the purpose of establishing the formal laws 
of equilbrium, it is sufficient to be able to relate 
the free energy of a given species under given 
conditions to the free energy of the same species 
under other conditions. The most popular 
formula of this type is 

A = A^-\-lSIhT\nn . . . (47) 

With the advent of the quantum theory, how- 
ever, a more thorough-going treatment of 
equilibria has become possible Formula of the 
typo of equation (47) naturally emerge again, 
but the term A® is no longer simply “ the frei' 
energy m the standard state ” but can be 
evaluated absolutely in terms of properties 
accessible to measurement under conditions not 
related to equilibrium conditions A very 
simple example will serve to illustrate the 
relation between the partial molar free energy, 
or the chemical potential, and the partition 
function (this Vol., p 244c) 

The partition function for a gas molecule of 
mass m in a system containing N molecule's iii 
a volume V and at a tempeiaturc T is 

S={(27TmkTfl'h'e}lh^ . . (48) 

In an ideal mixture of gases, containing 
molecules of one kind and molecules ot 
another kind in a total \olumo T, we have, by 
the multiplicative rule fot independent partition 
lunction, the following expression for the grand 
jiartition lunction ot the system * 

x[{(27TniJiT)iy}lh‘']^^ . (49) 

Hero 

and 1 /Ao . (51) 

The free energy of the s} stem is 

- ~-AVtfT[ln{(27rWifcr)3/‘*i r/(/|3Aj)l+ ^ 
-N^kT[\u{(2TTm2hTfl^ VI(h^No)}+l] (52) 
and the pressuie is 

P^-{dA,, 2/dr)y, (K,kTI] 'H{N,kTIV) 

. . . (53) 

which is Dalton’s law By definition, the Gibbs 
energy is 

Oi. 2-^1. 2+P 2+ (^ 1 +^ 2 ) ^ 

~-^i, 1+ 2 )^^* 

Hence 

Ui ^^-N^kT]n{(27rmJiiyi^ VHh^^i)} 

-NJiT]Ti{(27rm^kT)^i^VI{h^N^)} . (54) 

V in this expression may now be replaced by its 
equivalent : 

V^(N^-}-N^)kTIP . . . (53) 

We then have 

2 = - N^kT\n[{(27Tm^kT)^l^lh^}{kTIP) 

{(N,+ N,)IN,}] 

- N^kT]n[{{2-nm^kT)^lilh^){kTIP) 

( 65 ) 


The chemical potentials, from equation (44), 
thus become 

Pi--/cTln[{(27rWi/^r)3/2/^3}(/^3nyp) 

and 

P2--/tfTln[{(27r7^i2feT)3/2//t3](fcT/P) 

{U\+N,)IN^}] (50) 

We note that 

Uj 2 " A2/ii+Ao/t2 • • (57) 

as leciuired, and that the chemical potential of 
eithei component rna^ be expressed in the form • 

/X kT]ux . . (58) 

where ^ is its molai fraction This ecjiiation is 
the starting point for most ot the eurient 
theoiies ot homogeneous binaiy systems. 
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PARTICLE SIZE IN THE SUB-SIEVE 
RANGE, MEASUREMENT OF. The 

rajiid giowth of interest in paitn le-si/e measure- 
ment IS well shown in the scientific literature of 
lecent years. Among the most important 
purposes for which paiticlo size analyses aio 
required the following may be mentioned • 

1. The assessment of occupational health 
hazards duo to an -borne dust 
2 The evaluation of the quality of a wide 
range of mdustiial products, such as 
pigments, cement, metal powders, flour, 
cocoa, and pulveiised coal 
I 3. In connection wuth 01 e degradation. 

4 The study ot coal cleaning. 

5 The examination of soils. 

The methods of determining jiartidc size are 
numerous In a particular case the choice of 
method depends m great measure upon the 
nature of the material and upon the circum- 
stances which attend its application. Only in 
comparatively rare cases is it possible to measure 
the true particle size ; in many mstances, indeed, 
it is the effective size of a certain characteristic 
agglomeration of particles which is really needed. 

As 18 well recogmsed, with dimmishmg particle 
size the tendency to agglomeration increases. 
In such a case, therefore, as that of a pigment, 
particle size should preferably be measured in 
conditions which approximate as closely as 
possible to those under w^hich the material will 
be used. It should be conceded, however, that 
“ ultimate ” particle size is not merely of 
academic interest, for upon it depends, to a groat 
extent, what is, in practice, one of the most im- 
portant properties of a powder, the degree to 
which it will exhibit a tendency towards aggre- 
gation. 

Usually, powders and dusts are composed of 
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particles of different sizes. Some of the avail- 
able methods of size analysis will yield mforma- 
tion as to the distribution of the particles on a 
number, area or weight basis, while others give 
only the “ specific surface ” (area per unit mass 
or volume) or the derived “ surface mean 
diameter.” 

The majority of the available methods of 
determining particle size fall into one of the five 
following classes . 

(а) Microscopical examination. 

(б) Sedimentation analysis. 

(c) Adsorption measurements 

(d) Measurement of permeability of a packed 

bed 

(e) Turbid imetric measurements. 

The Measukement of Particle-size 
Distribution 

(a) Microscopical Examination.— (i) Direct- 
view and Photographic-projection Microscope — 
Size analysis by means of the microscope is one 
of the most diiect methods available and is very 
widely used, both for the routine testing of in- 
dustrial powders and for the examination of 
atmospheric dust Usually, the particles aie 
counted and each is assigned to one of a number 
of convenient size grades by reference to a suit- 
able graticule contained in the eyepiece With 
irregularly shaped particles, some confusion 
exists as to whic h dimension should be measured 
While Fairs advocates the use of the mean 
projected diameter, Schweyer and Work (p 4)^^ 
state that the shorter of the two visible dimen- 
sions IS a suitable one for measurement If 
desired, the numerical distribution obtained 
directly may be converted to a mass basis by 
multiplying the number in each size range by a 
factor proportional to the mean of the cubes of 
the size limits of the range If this conversion 
IS made, it is more important than ever that the 
diameter chosen should be, as nearly as possible, 
representative of the volume of the particles 
Unless the geometrical characteristics of the 
particles is known, which is in general unlikely, 
the weight distribution is liable to be inaccurate, 
especially if large particles are present. It is 
generally held, however, that errors due to shape 
dimmish as the size is reduced. Another diffi- 
culty which arises if the range of sizes present is 
too great, is that it becomes necessary to count 
at many different depths of focus This can be 
overcome by previous division of the sample into 
size grades, but this obviously increases the time 
taken up by the analysis. The lower limit of 
size which can be resolved by the ordinary micro- 
scope, with oil-immersion lenses, and using light 
of 0 6^. wave-length, is about 0 2 /x. It is, 
however, only possible to approach this limit 
when the optical equipment is of the highest 
quahty. 

Most workers agree that the technique of size 
analysis by the microscope is tedious. Fairs 
stresses the advantages, m improvmg accuracy 
and reduemg eye-strain, which attend the use of 
monochromatic hght. Photographic and pro- 
jection methods are favoured by many workers 
who use the microscope technique for routme 
size analysis. 


In using microscopical methods it is of the 
greatest importance that the sample examined 
should be truly representative This presents 
no problem when special instruments, such as 
the thermal precipitator, are used for sampling 
atmospheric dusts. In other cases, it is cus- 
tomary to subdivide the bulk sample until a 
reasonable quantity, say 0 5 g , is obtained 
This IS then dispersed in melted glycerine jelly 
(or other suitable medium) and a small quantity 
taken for the preparation of the slide Should 
it prove impracticable to disperse the powder by 
this method, it may bo necessary to use an 
aqueous or other liquid medium, and examine in 
a hsemocytometer cell 

(ii) The Ultramicroscope — The ultramicro- 
flcope has been used by Gehman and Morris to 
extend the lower limit of the analysis down to 
0 1 jLt An interesting application is that of 
Green who has used the ultramicroscopo to 
establish the virtually absolute efficiency of the 
thermal precipitator 

(ill) The Election Microscope — The resolving 
powei of the electron microscope is at least 
twenty times as great as that of the ultramicro- 
scope It IS thus possible, according to Hillier 
(p 90),*^ to attain a lower size limit of 5 ni/x , 
and further, to determine the actual size distii- 
bution between this and an upper limit of 1 p 
This technique is m the early stages of develop- 
ment, but there is no doubt that a very valuable 
new method is now becoming available for the 
study of ultra-fine powders, such as pigments 
and carbon blacks 

(b) Sedimentation Analysis. — All sedi- 
mentation methods of size analysis make use of 
Stokes’ law for the fall of particles through a 
fluid medium. The law is commonly expressed 
m the form 

d=ioV{i8Wsr(c^-“/>)} 

where d is Stokes’ diameter m microns, v the 
termmal velocity m cm per sec , rj the viscosity 
of fluid in poises, a the particle density m g per 
c c , p the fluid density in g per c c , and g the 
acceleration due to gravity m dynes per cm. 

The termmal velocity of a small particle is 
quickly attamed, and hence its measurement 
(usually by determmmg the time required for a 
fixed height of fall) enables the size to be cal- 
culated In a powder the particles are rarely 
perfectly spherical, and therefore size is ex- 
pressed by the imaginary Stokes’ diameter, ».e., 
the diameter of a sphere of equal density, havmg 
the same settling rate as the particle 

The most direct application of this prmciple 
to size analysis is in the highly refined apparatus 
of Carey and Stairmand ’ These workers have 
measured the actual paths taken by mdividual 
particles from photographs of a settling suspen- 
sion m a hquid medium. The more usual 
methods, which require less elaborate apparatus, 
treat the particles collectively If an imtially 
uniform suspension of particles of varymg sizes 
m a fluid is considered, then at a definite height 
from the top of the suspension, the particles will 
remam m their origmal concentrations until 
sufficient time has elapsed for all the largest 
sizes to have fallen below the reference level. 
Measurement of the particle concentrations at 
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this level, after a number of predetermined time 
intervals, for each of which the hmiting Stokes’ 
diameter is calculated, is thus made to yield the 
size distribution of the original dispersion This 
18 the basis of all the so-called incremental 
methods of sedimentation analysis. In cumu- 
lative methods, on the other hand, the total 
amount of the dispersoid reaching a definite 
level, or alternatively, the total amount remain- 
ing above this level, at different time intervals, 
18 measured It will be evident that not only 
particles of the limiting size, which start from 
the top of the suspension, but also smaller 
ones falling a smaller distance, are measured 
together. The plot of the total weight settled 
against time, treated by Oden’s method oi 
tangential inteicepts (p 07),**- gives the rec|ui8ite 
“ undersize ” data 

Stokes’ law is valid for Reynolds numbers not 
exceeding 0 2, and therefore is applicable to 
practically all particles, at the lower limit of the 
sieve range, m liquid media, although a cor- 
rection 18 sometimes necessary if air be used 
The lower limit to which sedimentation methods 
apply 18 set by Brownian motion In the giavi- 
tational field, this is generally held to become 
important, in liquid media, below 0 5 /i., but the 
jiractical limit is usually somewhat higher on 
account of the time taken in settling, and the 
difiiculty of completely eliminating convection 
currents By substituting a centrifugal field, 
however, many workers have succeeded in 
reducing the lower limit very considerably. In 
practice, wall effects, imposed by the necessity 
lor confining the sedimentation fluid in a vessel 
of finite size, may bo neglected. Much more 
impoitant aic the mutual interfering effects 
between the particles thcmsclv cs The accuracy 
of many methods is impaired because of the 
comparatively high concentrations which have 
to bo used in ordci to follow the course of hchIi- 
mentation experimentally In such conditions 
there is a tendency for the finer particles to bo 
underestimated, through their being carried 
down by the larger ones. 'I’lie evidence as to 
w'hat concentrations may bo considered exces- 
sive IS somewhat conflicting. Martin (p. 77)^2 
has concluded from centrifugal sedimentation 
expeiiments with titanium dioxide (practically 
all below 1 /x ) that unhindered settling may be 
assumed up to concentrations as high as 3% by 
volume. In addition to the above considera- 
tions, it 18 obviously important that there 
should bo no interaction (chemical, adsorption, 
or solution), between the solid and liquid phases. 

Space does not permit all the sedimentation 
methods to be described m detail. An attempt 
has been made, however, to give the most 
important references. 

(i) Pipette Methods — In the original pipette 
method of Andreasen,^ a uniform suspension of 
the powder, about 1% by volume, is allowed to 
settle, and the weight less than a number of 
predetermmed sizes is estimated by withdrawing 
small samples of definite volume from a fixed 
sampling pomt at the appropriate times. Eva- 
poration of the medium enables the suspended 
matter to be weighed directly. The smaller 
particles take a considerable time to settle, which 
makes it desirable to take adequate steps to 


limit convection.^® Schweyer®® has described a 
modified pipette with which samples may be 
withdrawn at several levels, the time taken for 
a full-size determination thus being reduced. 

The pipette method, in its conventional forms, 
may bo criticised on account of the compara- 
tively concentrated suspension needed to give 
samples large enough to bo weighed accurately. 
Modifications to meet this difficulty by using 
more dilute suspensions have been proposed by 
several workers The pipette method is probably 
the most popular of all methods of size analysis, 
and has been used for a very wide range of 
materials, including soils, clays, metallic oxides, 
cement, and limestone. The apparatus and 
technique possess the advantage of simplicity, 
although in routine work the accumulation of a 
largo number of samples, all of which have to 
be dried, presents some difficulty. 

(ii) Centrifugal Sedimentation. — As has been 
previously mentioned, the lower limit of paiticle 
size measurable by sedimentation may bo greatly 
reduced by use of the centrifuge To Svodborg 
IS due a geneial equation, analogous to that of 
Stokes, applicable to particles settling in a 
centrifugal field (pp 24, 73) 

Martin desciibes the use of the method, as a 
cumulative one, for determining the size of 
titanium oxide down to a size of 0 2 /x. Norton 
and Spiel have applied it as an mcrement 
method for measurement of clay particles down 
to 0 I p Marshall 2® submits the jiarticles, 
placed upon the surface of a concentrated sugar 
or urea solution, to the action of a centrifugal 
field, and so arrives at a size analysis. Richard- 
son®® has proposed a method m which the course 
of centrifugal sedimentation is followed photo- 
graphically. Because, m praetK e, the centrifuge 
takes a finite time m accelerating to constant 
speed and in coming to rest, the upper limit of 
size measurable by this technique is about 10 p 

Several workers have described applications 
of both the supercentiifuge and the ultra- 
centnfuge^® in the study of the size distribution 
of particles in clays and pigments (p. 42) 

Centrifugal sedimentation is of great value for 
the preparation of closely-graded fi actions for 
the testing and calibration of other methods of 
size determination 

(ill) The Hydrometer Method — In the hydro- 
meter method the sedimentation is studied by 
measuring the changes in density which occur 
at a known level from the surface of an originally 
homogeneous suspension. The method was first 
described by Bouyoucos® and has since been 
adopted as an A S T M Standard Method for the 
Mechanical Analysis of Soils (1941) A detailed 
description of the method is given by Klein 
(p 52),^® who has used it for the measurement 
of the size distribution of cements in kerosene 
or isopropyl alcohol. A concentration of about 
1 3% by volume is recommended. Norton and 
Spiel ®*^ have, however, described its use down 
to a particle size of 0 I /x in the centrifugal 
analysis of clays 

The method is extremely simple and con- 
venient, but IS liable to the same criticisms which 
apply to others using relatively high particle 
concentrations ; in addition, the mtroduction 
and withdrawal of the hydrometer must be 
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expected to cause some disturbance of the sus- 
pension. A further objection, which can only 
be met in part by attention to design, is that the 
hydrometer does not displace liquid at one level 
only. Deposition of particles upon the bulb 
must also cause some maccuracy. Notwith- 
standing those theoretical disadvantages, how- 
ever, it is claimed that the hydrometer gives 
results agreeing reasonably well with those 
obtamed by other methods. 

(iv) Manometnc Method. — In the mano- 
metric method, first put forward by Wiegner,^^ 
particle-size distribution is arrived at by 
measurement of the variation of the pressure at 
a definite distance from the surface of a sus- 
pension. The chief practical difficulty is that 
the pressure variations m a reasonably dilute 
suspension are very small. Many magnifymg 
devices have been proposed. In the apparatus 
of Knapp used for cement analysis, the pres- 
sure record is obtained photographically. In a 
recent variation due to Jones and Barlow the 
height of the manometer meniscus is adjusted, 
as sedimentation progresses, to a fixed value by 
means of a micrometer screw. 

(v) The Sedimentation Balance — Cumulative 
sedimentation data may be obtamed directly by 
observing the weight of particles which settle on 
a balance pan hangmg in a suspension. The 
method has attracted a great deal of attention in 
the United States. Among noteworthy appli- 
cations may bo mentioned those of Svodberg 
and Rmde^^ and Bishop,® who respectively used 
the method for mercury hydrosols and hydrated 
limes The chief sources of error arise from the 
difficulty of entirely eliminating convection and 
from the changes in density which occur m the 
liquid beneath the balance pan, 

(vi) Pendulum Method, — The pendulum 
method is an adaptation of that described by 
Manning and Taylor, by whom it was used for 
the study of coal-oil suspensions. The suspen- 
sion is contamed in a tube mounted as a 
pendulum. Sedimentation is accompanied by 
changes in the period of the pendulum, from 
which the size distribution may be calcu- 
lated Since the particle concentration used 
is high (at least 4%), the most valuable appli- 
cation of the method would seem to be for 
obtaming relative data for sludges, etc, 

(vii) Lighi-extinction Sedimentation Method — 
A distinction should be drawn between measure- 
ments of total turbidity, to give the average 
particle size of a dispersion, and the measure- 
ment of size distribution by the light-extmction 
method. The former will be dealt with separately 
later in this article. The application of turbidity 
measurements to the mvestigation of particle- 
size distribution was first described by Wagner^® 
and Richardson 

In the light-extmction method the concentra- 
tion of particles in a setthng suspension is 
determmed by measurmg, usually photo- 
electrically, the amount of hght cut off by them, 
at a specified level, at a number of time mtervals. 
A beam of hght is passed through the suspension 
at right-angles to the direction of sedimentation. 
The thickness of the beam is small compared 
with the total sedimentation height. In order 
that the obscuration caused by the particles 
VoL. IX.— 16 


should correspond as closely as possible with the 
projected area, the beam must be substantially 
parallel and of uniform intensity. 

It IS generally held that the absorption of light 
passing through a suspension of particles in a 
liquid follows the Lambert-Boor law (v. Vol. VII, 
1766), which may be expressed as 

where la and I are respectively the mtensities 
of the beam at incidence and emergence, x the 
length of the light path, m the mass concentra- 
tion, and k the extinction coefficient. Subject 
to the validity of certain assumptions, chiefly 
in regard to the extinction coefficient, to which 
reference will be made later, it follows that the 
ratio loge (lal^) is directly proportional to the 
concentration of particles. la represents the 
light actually transmitted by the pure suspend- 
mg medium, since this will itself absorb hght. 
If then the light transmitted by the originally 
homogeneous suspension is known, and Stokes’ 
law IS applied to calculate the diameters of the 
particles just large enough to fall below the 
light beam for a number of convenient time 
mtervals, an area-underaize curve may bo drawn 
directly. If it is assumed that the mass of the 
particles is proportional to the third power of 
their equivalent Stokes’ diameters, then integra- 
tion of the area enclosed between the area curve 
above and the appropriate axis enables a mass- 
undersize relation to be derived 

The more important assumptions made are as 
follows • 

(а) No hght scattered in a forward direction 
IS measured, and the particles are large enough 
for diflraction effects to bo neglected For small 
particles the extinction is lower than that 
required by the above theory. For detailed 
treatment of the theory of light transmissions by 
suspensions of small particles the reader is 
referred to papers by Schweyer and Work 
(pp. 11-14) and by Richardson.®® Richardson 
states that scatter effects become serious when 
the value of ttcZ/A, where d is the particle dia- 
meter and A the wave-length of the light used, 
becomes less than 10. Strictly speakmg, there- 
fore, with light of A=0 5 /X., particles below 
about 2 /X. should be absent. Prehmmary gravity 
or centrifugal separation provides a convenient 
means for the removal of the smallest particles. 
Schweyer and Work (p. 14) quote experimental 
results, for materials of widely different size 
distributions indicating that when the particle 
concentration is increased so that the extinction 
is greater than about 70%, the proportional 
obscuration progressively diminishes. The ex- 
planation given for this fact is that the direct 
beam is augmented by scattered light passed on 
by multiple reflection. Smee, however, such 
high concentrations are not normally used, no 
serious error from this cause need be expected. 

(б) The optical constants of the particles, 
which are involved m the extmction coefficient, 
are mdependent of their size. Schweyer and 
Work (p. 17)^® consider that only for cement 
and sihca is this assumption supported by avail- 
able experimental data. Earlier work by 
Traxler and Baum®® had also suggested that, 
from this pomt of view, cement was more suit- 
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able for examination by the method than were 
some other powders. This is undoubtedly a field 
in which further research is needed 
(c) The shape faetcjr, upon \^hich the extinc- 
tion eoefiieient also deiiends, does not vary with 
partu le size W ith diminishing size the partu les 
of many substances may become more nearly 
spherical, but insufiicient is known to enable the 
importaiK e of this, and the fac t that the particles 
are oriented during settling, to be assessed 
((/) There aie no etleets (onnected with the 
optical ('onstants of the suspending medium 
Errors could ccmceivably occur through the 
preferential absorption ol certain wave-lengths 
by the medium Since photo-cells «iie colour 
sensrtue, it would be preferable, cm these 
grounds, to use monochromatic light The 
rc*ason this is not gcncTally done is probably that 
the difficulty ol obtaining a sufhcic'ntly intense 
bc*am (and so a suit.ibly largo galvanometer 
defic'c'tion) is incrc‘asc‘d if white light is not used 
(f) The conditions, which apply to all sedi- 
mentation methods, ot <ibsence of c onv (‘c tion 
and interfcTcnc e betw'ccm particles, are fulfillc‘d 
The mc‘th()d comjiares well with others in that 
the c oncc^ntiation of particlc‘H used is very low, 
usuall\ being not gmitcr than 0 02% by volume, 
HO that the iclc'al ot fiee settling csmclitions is 
closely «ipproachc‘d 

'Jliere arc‘ se\c‘ral v.iriations in light-extinction 
apjiaiatus which are woithy of notice In order 
to reduce thc‘ tune takem for an analysis down 
to 1 or 2 p , bc^th Wagners apparatus and that 
of Kichaidsoir^*^ liavc* optical h\ stems which can 
bo raised and lowered. In Hc'ywood’s ap- 
})aratus,-^‘’ on the other hand, the analysis is 
spc'cdc d u]) by carrying out eight determinations 
togcdhcT The optic*al sj^stein, pivoted at one 
end, can be rotated so that the light beam passes 
thioiigh any one of nine similar c ells The ninth 
cc'll, which contains the clc‘ai dispersing licjurd, 
servc's ,ih <i blank foi the* whole* b.itch of samples 
This ])iocc*dure has the acl\antage that the in- 
tensity ot the incident light is nic*asurecl through- 
out a tc'st using only one photo-cell No error, 
therefore, is caused by any change whicdi may 
occur in the response of the cell 
Aiiothei method of shoitc*riing the time taken 
by the analysis is dc'sciibc'd by Richardson.®^ 
The susjiension, after being allow c'd to settle for 
a known peiiod, is photogiaphc'd and the rec*ord 
e\amiric‘cl jihotorneti ic-ally This technujue may 
also be a])phc‘d to siispcmsions settling m a 
centrifugal fic'lcl 

In Wagner's turbidimeter, the thickness of the 
beam (3 cm ) seems unnecessarily largo Other 
workers-^' have found it possible to reduce 
this dirnensicm c*cmsiderablv 
The largest si/e of particle which can be 
measured by the method depends upon the 
differential density, height of fall, and yrsc*osity 
of the medium In practice, if small particles 
are present, the scojie for adjustment of density 
and viscosity is lathcr limited, owing to the 
uncertainty wdneh exists m regard to the 
agglomerating eflect of the medium If an 
ac’curate measure of the size of the largest 
particles is ref|inicd, the best course is probably 
to separate these by preliminary sedimentation, 
and then make light-cxtinction measurements in 


a viscous medium It is, however, quite feasible 
to measure the size distribution of silica, for 
example, from 50 p downwards in one operation 
in water 

The uncertainties which attend the light-ex- 
tinction method have been commented on above. 
When comparison is made with other sedimenta- 
tion methods, it is probable that these are more 
than compensated for by the very low particle 
c onc*entration which it is possible to use. 

The method has attracted great interest during 
recent years, and has been adopted in America 
as a standard for the testing of cement 
Most of the available comparison figures with 
other methods refer to cement. Lea®® reports 
good agreement with Andreasen and air- 
elutriation methods down to a size of 7 5 p , and 
Roller and Roundy (p, 44)^® with the air- 
elutnator between 60 p and 7 5 p Klein 
(p 63)'*® has found a measure ot agreement 
between turbidimeter and hydrometei For 
zircon, however, it is reported (p 21)'*^ that the 
light-extinction method yields the analysis ot a 
finer powder than docs the pipette method As 
the faults in the Iight-cxtmetion method should 
lead to under-estimation of fineness, there can 
be, presumably, a still greater eiror in the same 
direction in the Andreasen method, clue to the 
higher concentration used 

(viii) Analysis by Klutnation — In elutriation 
analysis, 8tokes’ law is applied to calculate the 
limiting velocities lequiied to float ofi particles 
of a definite size Both an ■ and watei -eliitriatois 
have been widely used 

In the partiele-size air-analyser of l^oller®® a 
regulated stream of air is passed through the 
powdei, which is contained in an oscillating glass 
U-tube The stream passes upwards through a 
wide settling chamber, and the undersize 
particle's are trapped in a papei thimble A 
c'onsiderable tune is lequiied for the c*omplete 
splitting-iip of the aggregates, and a method for 
computing the '‘end-point” is closeribed by 
Roller and Roundy (p 38) 

The “ infrasizer ” of Haultain*’ eompiises six 
c*onic*al separating ehambeus joined in senes, so 
that a corresponding number of sized fractions 
are obtained Tht' diameteis of the tops of 
suc*cessiyc separators are in \/2 ratio. The 
batteiy of separators is shaken continually, in 
ordei to keep the sides free from accumulated 
dust The “ mfrasizer ” has been used for 
analyses down to 5 p It is stated to give highly 
concordant results, with exceedingly sharp 
“ cuts.” 

Air-elutriation provides a suitable method for 
size analysis w^hen knowledge of particle or 
“ agglomerate particle ” size in air- dispersion is 
desired It possesses the disadvantage that 
comparatively largo quantities of powder are 
required. Several workers have found a con- 
siderable divergence between the calculated and 
actual limits of th# size ranges of fractions 
obtained. This has been ascribed to the shape 
factor, to incomplete dispersion, and to lack of 
uniformity m air velocity over the cross-section 
of the separators 

The most useful application of water-elutnators 
would appear to be in the size analysis of heavy 
mineral ores, since a large differential density is 
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advantageous The elntiiators are usuallv of 
the weries type; mo.st commonly-’ ■* three 
vessels aie employed 

Hie Measurement of Specific SutfacCy oi Arernije 
Particle Size — The methods described in the 
foregoing giv^e infoimation as to the distribution 
of sizes of the particles in a poA\der By as- 
suming a shape constant, the size-distribution 
data may bo used to calculate the specific sur- 
face The \ allies so obtained must be legarded 
as moie or less arbitrary, since a large proportion 
of the surface ot a powder may be associated 
with the jiai tides smaller than the lowest size 
actually measured There exist, how ever, se\ eial 
mcthocls whereby spec'ilic surface may be 
measured directly 

(c) Adsorption Methods. — During lecent 
^ears Emmett an<l his c ollabc/rators^® ha\e 
developed a low -temperature gas adsorption 
method for measuring the surfac’e arc'as of 
metallic catalysts, and have succ’essfully ex- 
tended its application to the examination of pig- 
ments, caibon blacks, cement and other finely 
divided solids The gases most extensively used 
have been nitrogen and helium, on accxiunt of 
then inertness In essence the method consists 
in determining the nunibei of molecules of gas 
lecpiircd to give a unimolc’cuLii layer Know- 
ledge of the cross-sectional area of the gas mole- 
cule enables the surface of the adsorbent to be 
calculated The adsorption isotheims obtained 
expel irnentally are of an S-sh<i])ed form, with a 
long linear middle poition, the lower extremity 
of which wMs chosen by Emmett, originally cm 
empiiical grounds, as the point corresponding 
with the completion of the monolayer The 
adsorption is caiiied out at about 78"k , using 
licjuid nitrogen in the surrounding bath Excel- 
lent agreement with the electron miciosc’ope for 
the mean diameter of caibon-bIac*k particles was 
found, and with perrne.ibility measurement and 
ultiamic roscopical examination for zinc oxide 
The method would s(*em to be an exc’eedingly 
valuable one for the e\ aluation of those mater lals 
which are too fine for the application of the 
customary size-analysis methods It is, of 
course, only applicable to non-porous materials 

Adsoiption from solution as a method of 
determining average particle size has been sug- 
gested by many workers, amongst whom may be 
nu'iitioncMl Ewing (p 107)'*- and Imre 

(d) Permeability Measurement. — Perme- 
ability methods of measuring specific surface are 
based on the Kozeny equation for the flow of 
a fluid through a rigid bed of particles. The 
equation may, for this purpose, be written in the 
form 

.Sf- VpL} 

w’here S is the specific surface (sq, cm. per g ), 
AP the fall m pressure acioss the bed in dynes 
per sq c’ln , A the cross-sectional area of the bed 
in sq cun , c the fractional voidage of the bed, k 
the Kozeny constant (5 0), rj the viscosity of the 
fluid in poises, V the rate of flow in ml per sec , 
p the density of the particles in g. per ml., and 
L the thickness of the bed in cm 

The development of the method is duo 
primarily to Carman,®’ ® who has studied the 
flow of liciinds at constant pressuie through beds 


of a number of different materials of varying 
size ranges. For zinc powder and for silica the 
validity of the method was firmly established 
(to an accuracy of i5%) for particles down to 
2 fx It IS important that the liquid should be 
capable of completely wetting the particles, 
otherwise serious under-estimation of specific 
surface would ensue Comparing the results 
with those of air-permeability measurements. 
Carman (p 27)^^ concluded that, for particles 
below 50 p , , the air method, owing to the effects 
of incomplete dispeision, underestimates fine- 
ness Gooden and Smith*® report results in the 
same sense On the other hand, Lea and 
Nurse 2® put forward the view that the air- 
permeability results are more accurate, sug- 
gesting that, in the presence of liquid, the 
porosity of the bed is reduced by adsorbed films 
These authors find suppoit for their contention 
in the fact that, for cements, the surface mean 
diameter calculated from sedimentation data 
agrees more closely with air-permeability mea- 
suiements As has been pointed out above, 
however, calculated specific surface values should 
be accepted with some reserve 
Despite the unceitamties referred to, the per- 
meability method IS undoubtedly one of the most 
(onvenient for the measurement of aveiago 
particle size for routine purposes This applies 
especiallv to the recent modification of the air- 
permeabihty method put forwaiil by Rigden,®* 
which avoids the necessity for maintaining an 
iR’Curately measured and constant rate of flow 
(e) Turbidimetric Method. — For particles 
which are small compared with the wave-length 
of light, the size may be evaluated by application 
of Rayleigh’s law, fiom which may be deduced 
the relation that the logarithm of the ratio of the 
transmitted light to the incident light vanes 
diiectly as the cube of the diametei and in- 
versely as the fourth jiow’ci of the radiation 
For systems in which the particles are distri- 
buted over a wide range of sizes, the principles 
which govern the transmission of light arc the 
same as those which have been discussed in the 
desciiption of the light-extinction size analysis 
method The use of extinction measurements 
for the calculation of specific surface is, therefore, 
only strictly valid when particles smaller than 
about 2 p are absent When this is realised, 
however, the measurements can still bo of great 
value when used in a relative manner 

For spheiical particles or particles in a state 
of random orientation, as m a stirred suspension, 
the ratio of total surface to projected area is 
equal to 4, so that, applying the Lambert-Boer 
law the specific surface is given by the formula 

S-~{4llc) logo (/a//), 

where /« is the intensity of the incident light, I 
that of the transmitted light, I the length of the 
light path, and c the concentration of particles. 
This type of measurement is simple and may bo 
made rapidly, and possesses the great advantage 
that it can be used when only small quantities 
of material are available. 

Conclusion. — The existence of such a great 
variety of methods for particle-size measure- 
ment arises from the necessity for treating each 
size-analysis problem on its merits. The reasons 
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for this ha\ e been briefly indicated in the intro- 
duction to this article. It will be evident that 
most of the methods involve a dispersion 
problem. For many purposes it is desirable to 
test the particles in conditions where dispersion 
IS as complete as possible. Most work on dis- 
persion has been on empuical lines, but a paper 
by Andrcasen ^ contams much useful infor- 
mation, mcluding a description of tests of 
dispersion relating to some powders for w'hich 
size analysis is commonly required 


References. 

1 A. If M. Andrcasen, Ingcniarvldenskubelige 
Skrifter, Copenhagen, 103i), 3, 11 

2 A IL M Andieaseii, Kolloid-lleih 1928, 27, 349 

3 K 15 Barnes and C J Burton, Bull Ainer. 8oc 
Test Mat 1942, No 116, 34 

^ L. Andrews, Broc. Inst Eng. Inspection, 1927, 
28 . 25 

5 D. L Bishop,! lies Nat Bur Stand 1934,12,173 

6 G J Bouyoucos, Soil Sci 1937, 23, 343 

7 W. E Carey and C J Stairmand, Trans Inst 
Chem. Eng. 1938, 16, 57 

8 P C Carman, J S C I 1938, 67, 225 

® P C Carman, ibid 1939, 68, 1 

10 P If Emmett and P l)e W Itt, Ind. Eng Chem 
[Anal ], 1941, 13, 28 

11 G L Pairs, Chem. and Ind 1943, 62, 374 

12 D C Gamble and C E. Barnett, Ind Eng Chem 
[Anal ], 1937,9,310 

13 S E Gehman and T C Morris, ibid. 1932, 3, 
800 

14 H. Green and E P Pullam, J Appl Phys 1943, 
14, 332 

13 11 L Green, Trans Inst Min Met 1935,44,89 
16 E E. Gooden and C M Smith, Ind Eng Chem 
, 1940. 12, 479 

E. T ilaultain, Trans Cunad Inst Mining 
Met. 1937, 40, 229 

18 H, Hey wood, Proc Inst Mcch Eng 1933, 126, 
383 

19 H. Heywood, ibid 1938, 140, 257 

20 H Heywood, B P 5.52398, 1913 

21 I Iniic, XolIoi(i-Z 1942, 99, 147 

22 p 11 Jones and C G. Barlow, J S C I 1943, 62, 
129 

23 H T. Knapp, Ind Eng Chem [Anal ], 1934, 6, 

00 

24 J Kozeny, Bcr W’len Akad 1927, 136a, 271 

25 p M Lea, J 8 C 1 1939, 68, 140 

26 P M Lea and 11 W Nurse, 1943,68,277 

27 J. H. McMlllcn, L F. Stutzman, and J. E. Hedrick, 
Ind Eng Chem. [Anal ], 1941, 13, 475 

28 A B. Manning and R A Taylor, Trans Inst 
Chem Eng 1930, 14, 45 

2^ C E Marshall, J S C T 1931, 60, 444 

30 S W. Martin, Ind Eng Chem [Anal ], 1939, 11, 
471. 

31 P S Norton and S Spiel, J Amer Ceram. Soc 
1938, 21, 89. 

32 E. G Richardson, J Agric. Sci 1934, 24, 459 

33 E G Richardson, Proc Physical Soc 1943.56,48 

34 p J Rigdcn, J S C 1 1943, 62, 1 

35 p s. Roller, Proc Amcr. Soc. Test Mat 1932, 
32. 607. 

36 H. Schwejer, Ind Eng Chem [Anal 1, 1912, 14, 
622 

37 M. N. States, Proc Amcr Soc Test Mat 1939, 
39. 795 

38 T Svedberg and H Rliide, J Amcr. Chem Soc 
1923, 46, 493 

30 R. N Tra\ler and L A H. Baum, Proc Amer 
Soc Test. Mat 1935, 36, 457 

40 L. A. Wagner, ibid 1933, 33, 533 

41 G A. Wiegner, Landw Versuchs-Stat 1918, 91, 
41 

42 “ Symposium on Ntwv Methods lor Particle Size 
Eetermination in the Sub-ble^e Range,” Amer Soc 
Teat Mat 1941 

43 “ Tentathe Method C 115,” /?ce ref 42 

44 “R^ort of Eiscubsions on Determination of 
Particle Size in Sub-8ie\o Range,” British Colliery 
Owners* Research Association and British Coal Utilisa- 
tion Research Association, 1944 

43 J. M. Dallavalle, ” MicromcritiCs,” Pitman, 1943 

46 Ann. N.Y Acad Sci 1942,43,176 

D. G. S. 


PARTITION FUNCTION. The parti- 
tion function is a phrase corned by the late tSir 
Ralph Fowler to convey in our language what 
Max Planck meant by the composite German 
noun die Zustandsumme, As its name imphes, 
the partition function is a dimensionless quan- 
tity It summarises m convenient mathematical 
form the way m w^hich the energy (and other 
propel ties) of a colony of molecules is distributed 
or partitioned among the molecular inhabitants. 
It 18 a function of the molecular weight, the 
temperature, the molecular volume, the inter- 
nuclear distances, the molecular motions, and the 
intermolecular forces When its relation to all 
these 18 established, the whole story of the mole- 
cule in question is known To explain how the 
notion of the partition function has caught on 
so gencraUy or been so extensively employed 
would be to write an account of the growth of 
modem statistical mechanics. In brief, the ex- 
planation IS that the partition function provides 
the most convenient bridge yet devised to Imk 
the microscopic properties of individual mole- 
cules (such as their discrete energy levels, 
moments of inertia, and dipole moments) with 
the macioscopic properties (such as molar heat, 
cntiopy, and polarisation) of a system contam- 
ing a large number of molecules. 

Definition. — In any system of molecules at 
equilibrium, the number of molecules possessmg 
an energy c each is proportional to the Boltz- 
mann factor, where e is the base of the 

natural logarithms, € is the energy of one mole- 
cule, h IS the Boltzmanh constant (l*372x 10“^® 
erg per degree), and T is the absolute tempera- 
ture In such a system, there will be a certain 
number (say N^) of molecules possessing energy 
each, another number (say possessing 
energy eg each, and so on. The total numbei, 
of molecules in the system is 

. ( 1 ) 

and the total energy of the system is 

A^=iViei4-A^2^2+^3^3+ • • • =-2:iV^e, (2) 

The partition function, which is usually denoted 
by /, IS simply the sum of all these Boltzmann 
factors, i e., 

. . (3) 

As the molecular energy increases, the Boltz- 
mann factor decreases. Energy among mole- 
cules IS not unlike money among men : the poor 
are numerous, the rich few. The series repre- 
sented by equation (1) thus rapidly converges, 
and, although in pimciple we should always sum 
to infinity, in practice it is sometimes sufficient 
to count only the first ten terms or so. For 
generality, equation (3) is therefore summarised 
as follows . 

l»CX) 

.... (4) 

1=0 

where ci is the energy possessed by a molecule 
m the I’th state. 

The Boltzmann law, to which reference has 
already been made, may be expressed mathe- 
matically as follows ; 



• . ( 5 ) 
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where K iso, constant for the system considered. 
Similarly, for the numbers of molecules occupy- 
ing groups in the higher energy-levels, wo have 

• • •> 

and so on. Adding, and using equation (3), we 
see that 

N^Kf (6) 

in which N is the total number of molecules in 
the system Eliminating K from equations (5) 
and (6), we see that or, 

generally, that 

... (7) 

From this equation we note that the partition 
function, /, bears the same relation to the total 
number of molecules, N, as the Boltzmann 
factor bears to the number, iV’i, of molecules in 
the specified energy level, The partition 
function may thus be regarded as a generalised 
Boltzmann factor 

The partition function defined by equation (4) 
may be more precisely termed the molecular 
^partition function. The grand partition function, 
F, is related to it as follows . 

F=f ... . (8) 

The Relation of the Partition Function 
to Certain Thermodynamic Functions. — 
]<]quation (3) may be differentiated with respect 
1 0 temperature at constant volume This gives : 

00 

. (9) 

0 

On multiplying throughout by dividing 

throughout by /, and noting that dxfx equals 
d(lna:), the following expression is obtained : 

l«r!{d(ln/)/d7’}„=(e-*>/''^//)€i4 . . . 

00 

. ( 10 ) 

0 

It IS possible to substitute for the various ratios 
in this equation the number ratios to which, 
accordmg to equation (7), they are equal It is 
then found that • 

A^fcT2{d(ln/)/dT}„=A^iei+A'2^2+^3^3+ • 

00 

-2^, ft (II) 

0 

Clearly, the sum of the various products (number 
of molecules in a given energy group) x (energy 
of each molecule in that group) represents the 
total energy, E, of the whole system of N mole- 
cules Hence, combination of equations (2) and 
(11) gives . 

E==NkT^{d{]nf)ldT]v . . (12) 

which is the general relation between the total 
energy, E, of a system of N similar molecules at 
constant temperature, T, and the molecular 
partition function, /. 


When a system is at equilibrium, the mathe- 
matical probability, IF, of its existence has a 
maximum value; and its entropy, 8^ has also 
a maximum value. That there is a relation 
between the two is obvious, but it was Boltz- 
mann who first concluded that 8 is solely a 
function of W and that the relation must be a 
logarithmic one. By virtue of the Third Law of 
Thermodynamics, which has been estabhshed 
during this century, Boltzmann’s relation may 
now be expressed m the simple form : 

iSf=fclnlF .... (13) 

The mathematical probability of a system is 
defined as the number of distinguishable ways in 
which that system can bo realised. N molecules 
may bo arranged in iFl ways, but not all these 
arrangements are distinguishable. If mole- 
cules have all the same energy, arrange- 
ments within this group lead to indistinguishable 
configurations Similarly, interchange among 
the niolecules m the group having energy Cg 
per molecule leads to no new distinguishable 
arrangements. The total number, Wl, of con- 
ceivable arrangements must thus bo reduced by 
the product N^l N^\ . . , since each of these 
numbers represents the number of ways in which 
molecules in a given energy group can be 
arranged. Thus : 

W=N\IN^^ N^\ iFg! . . . =iVl(/7iiFi!)-i (14) 

By combining equations (13) and (14), and 
making use of Stirling’s approximation, 

lnj’=Hnr— X, . . . (15) 

which IS valid when x is large, equation (13) may 
be cast into the following form : 

8lk=lnW^N\nN-N 

... 

According to equation (1), however, the numbers 
m the last column cancel out, leaving 

8|k=mnN--EN^]nN^ . . (17) 

By writing equation (7) in logarithmic form, it is 
seen that : 

lnN^^lnN-(€^|kT)-]nf . . (7) 

and consequently that : 

N^\nNi=N^]nN--{N^€^|kT)-N^\nf. 

The sum of all such terms is 
EN^hiNi= N^lnA^-(N^€jkT) - N^lnf 
+ N^\nN--(N^eJkT)--N^lnf 
-{-NjbaN^(N,,,/kT)-^N,\nf 
+ ... ... ... 
^mnN^^N^€^|kT)-Nlnf . . . (18) 
By means of equation (2), therefore, 

{8jk)^(ElkT)+mnf . . . (19) 

By substituting for E the expression already 
derived (equation (12)), the general relation 
between the entropy, 8, and the partition func- 
tion, /, is arrived at : 

/Sf-Nfc[ln/+T{d(ln/)/dT}t,] . (20) 
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Helmholtz defined the free energy, or maxi- 
mum work term, A , as follows 

A^E-TS .... ( 21 ) 

On inserting the general expressions derived 
above for E and S, this becomes 

A = -A7cTln/ . . . (22) 

Equations (12), (20), and (22) may be regarded 
as key equations, from which the relationships 
between / and most of the other thermodynamic 
lunctions may readily be derived The pressinis 
P, for example, is defined theimodynamically «is 
follows . 

P-~(dAldV)rj. . . . (2:i) 

In terms of the paitition function, therefore, it is 
clear ftom ecpiation (22) that the pressure is 
expressible cas follows . 

P ~-NkT{d(\nf)|dV}.^. . (24) 

Similarly, the thermodynamic dehnitions ot the 
isothermal compressibility, and of the specific 
heat, at constant volume, which arc, lespc'c- 
tively, 

)9-~(l/F)(dF/dP)y, . . (2,-1) 

and Cv~(dEldT)v . . . (26) 

readily lead to the following relationships, based 
on equations (12) and (24) 

l/)3- - NUT V{dH\nf)ld . (27) 

Nh[T^{d,(\nf)ldT%A^ 2T{d(\nf)ldTM (28) 

Every theimodynamie equation may likewise 
be related to the partition function 

Examples of Simple Partition Func- 
tions. — From equation (3) it is obvious that 
the paitition function can always be evaluated 
numerically when the discrete energy levels of 
the molecules are known Tlu'sc Icvcds may 
bo found either e\ penmen tally, by analysing 
the absorption oi emission of radiaticm in the 
vaiious spec’tral regions, or tlieoietieally, by 
solving the Sehrodinger equation for the appio- 
piiate molecule motions The former method 
IS the only one at present av ailable in the study 
of complex molecules The latter method is 
applicable to simple molecules, or to simple 
motions executed by complicated molecules, 
and certain examples afforded by it may now be 
discussed 

(a) Free Linear Motion — For the lineai 
motion of a point particle, of mass m, moving 
freely along a length /, the disci etc energy levels 
allowed by quantum law's are 

€^(hH^IS7nl^) , n- 1, 2, 3, . . (29) 

According to equation (3), the partition func- 
tion IS accordingly 

W =00 

n = 0 

With sufficient accuiac*y for most purposes, the 
summation yields the following result 

f=^(27rmkiyiHlh ... (31) 

When an atom, or a coherent group of atoms, is 
being tom from the remainder of a complex 
molecule, its relative motion when it is about to 


bleak away resembles linear translation in a 
force-free field Equation (31) is therefore of 
interest m chemical kinetics 

(h) Free Superficial Motion — The same con- 
siclerations, applied to the motion of a point 
particle free to move simultaneously along a 
length m one direction and a length /g 
another dirc'ction at right-angles to it, lead to 
the jiartition function 

/ {{27TwkT)mjh} {(27rwkTy/njh} (32) 

Jlut /j/gt which may be denoted by O, represents 
the aiea ac cessiblc to the molecule, so that 

/ {27TinkTOIh^) . . (33) 

This ccjuation is the ircnei.il jumping-off ground 
by statistical theoi y tor the tieatment of surface 
phenomena, such as intcihicial tension and 
sujieificial adsoiption 

{() Free Motioyi in a (^on fined Space — Suppose 
the pal tide were cajiable of pcrfoiining fiee 
supeificial translation on a plane area, d, and 
simultaiKMiusly of executing free linear motion 
of extension /g, in a direction at iight-angles to 
the pl.ine VV (' should then find foi the paitition 
function the product 

/-{27rmfe7Y>//i2} {(2iTmkrymjh\ . (31) 

Now 01 IS the volume, t’, accessible to the 
molecule, hence 

/ (27Tnik7yi'hlh^ . (3.5) 

wduch IS the partition function for a point 
particle, of mass m, free to move in (but c’onfined 
to) a cell of volume' v at temj^ieratuie, 7’ 

(c/) Free Motioii in a Shared Space — Let us 
consider a nunibei, A^, of chemicallv identical 
molecules, each of which is capable of fice trans- 
latory motion within a cell of av'crage volume, v 
By ecjuation (8), the grand paitition function is 
{{ 27 rnikTy^l'h^lh^}^ Siqipose the molecules, in- 
stead of being confined to the N diffcicnt cells, 
wcie interchangeable, each interc'hange leading 
to a new molec'ular configuration which is in- 
clistinguishablo from the original one The 
grand paitition function for the new' s\stem 
w'ould be {{ 27 TnikFy‘^i’lh^}^ I N\ since A’ is the 
number of arrangements of N particles The 
system thus envisagc'd corresponcls to that well- 
known and very helpful conception of the 
chemist knowm as the ideal gas, m which a total 
volume V is shaiecl by molecules, eacdi occupy- 
ing on an average a volume v (= VjN) l^se of 
equations (8) and (15), leads to the following 
partition function for an ideal-gas molcc ule of 
mass m, at temperature T , 

f-^(2TTmkTyr^vlh^ . . . (36) 

(c) Ilannoiiic Motion — Acc-ording to the 
quantum theory, the energy of a linear oscillator 
executing simple harmonic vibration of fie- 
cpiency v is 

€ = (5-fJ)/ic, 5=0, 1, 2, . . . (37) 

The partition function is therefore 
00 

+ h)hvlkT^^-hvl2kT 
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But since . . . -^{1— j;)-!, it fol- 

lows that 

f=^-hvl2kT(^__^-hvlkT)-i ^ (3g) 

When the \ ibratory motion of a molecule about 
a mean position of equilibrium may be resolved 
into three vibratory motions, each of which is a 
simple harmonic one, the partition function 
becomes 

^^Q-h(f^vi + hv2+hvy)lkT ^ ^ 

(l . (l (39) 

when the frequencies are different, and 

f^^-3hvl2kT(^_^-ltvlkT)-^ , (40) 

when the frequencies arc identical. Details 
being omitted, this is the partition function 
which corrcwsponds to Einstein’s familiar treat- 
ment of the specific heat of monatomic solids, 
such as diamond 

( / ) Free Rotation — The energy levels allowed 
by the (quantum theory for the free rotation of 
a rigid particle of moment of inertia / ai e 

€-J(J+l)(/t“/87r2/), J=],2, .3, . . . (41) 

This rotational energy, however, can be realised 
in (2J+1) Avays, each corresponding to a 
separate solution of the Schrodinger eipiation 
The partition function is accordingly . 

00 

. (42) 

0 

The summation is readily evaluated when 
(2 J+ is much loss than feT, which 
holds for massive molecules genet ally, but for 
light molecules only at high temperatures The 
result IS 

(SnlkTlh^) . . . (43) 

If the lotator is symmetrical, this partition func- 
tion must be reduced by an integer, cr, which is 
equal to the number of indistinguishable per- 
mutations obtained by the rotation of the 
molecule Hence 

/-^{HnUkTIuh'^) . (44) 

Elementary Applications of the Parti- 
tion Functions. — In conclusion, a few examples 
may be given to show how these considerations 
enable us to derive theoretical expressions for 
macroscopic properties, such as free energy, 
entropy, internal energy, and specific heat of 
simple molecular systems in terms of micro- 
scopic properties of the molecules comprising 
them, such as the moment of inertia, the mole- 
cular weight, and vibration frequency. 

By combining equations (22) and (43), the 
rotational free energy of a system of N asym- 
metric (a— 1) rotators of moment of inertia I 
becomes 

A==- NkT]n(S7T^lkTlh^) . (45) 

By combining equations (20) and (26), and 
notmg that 

v=kTlp, .... (46) 

the translational entropy of an ideal gas, of 
molecular weight m, at a pressure p is 

S=^Nk[^+]n{(27TmkTfi^kTlh^p] . (47) 


If P denotes the pressure in atmospheres, and 
M the molar weight (oxygou=16), this equation, 
after mserting numerical values for the con- 
stants, yields the following expression for the 
molar translational entropy . 

S=^imnM+^R\nT-mnP~-2 200 . (48) 

The internal energy of a .system of N three- 
dimensional harmonic oscillators becomes, ac- 
cording to equations (12) and (40) 

E ( oth (hxflkT) . (49) 

By means of ecpiation (28), the corresponding 
expression for the spec ific heat at constant 
\ olume IS : 

Cv---^Nk[(hvl2kT) coscch (hx>l2kT))^ (50) 
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E A M-II 

PASSIVITY —Origin of the Word.— 

The term passivity arose out of a correspondeiK o 
which passed between 8ehonl)(*in ^ and Faraday - 
m 1836. Schonbem described how, when iron 
which had been oxidised by heating in air was 
introduced after cooling into nitm* acid of 
p 1 35, it lomamcd unallected , a specimen 
of unheated iron was violently attacked if 
introduced without special pieeaution into acid 
of this concentration, but, if it wms kept m con- 
tact with oxidised iron at the moment of its 
introduction, no attack took place, even after 
the two had been separated. If the unheated 
iron was then taken out and introduced into the 
acid in contact with a thud specimen of iron 
(also unheated), this latter sufterod no attack 
Evidently it is possible to bring iron to a 
peculiar state m which the behaviour of ordinary 
iron disappears, and this state can bo transmitted 
from one specimen to another. Schonbem 
referred to iron in this inert condition as passivCy 
and iron in the ordinary, readily reactmg con- 
dition as active 

One characteristic of passivity phenomena is 
the manner in which the behaviour of a metal 
depends on its previous history In general, 
iron IS violently attacked by dilute nitric acid 
(about p 1 2) , when it is introduced into the 
concentrated acid (p 1 4), there is a slow reaction 
at first, after which the metal becomes passive , 
after “ passivation ” in concentrated acid, iron 
remains unattacked when introduced into acid 
of intermediate concentration (about p 1 3), such 
as would quickly consume ordinary untreated 
iron , it can even withstand acid of p 1 2 for a 
limited time before attack sets in. The actual 
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limits of concentration needed to determine 
activity or passivity vary with different samples 
of iron, but the same general principles seem to 
hold m all cases. 

Electrochemical Researches on Iron. — 
It was apparent from the first that electro- 
chemical factors are important .in deciding 
between passivity and activity. Schonbem 
rendered unheated iron passive by anodic treat- 
ment in nitric acid, using a “ couronne dos 
tasses ” as the source of e m.f. Faraday made 
iron immersed in nitnc acid alternately active 
and passive by alternate contact with zinc and 
platmum — which was equivalent to alternate 
( athodic and anodic treatment. The fact that 
m Schonbein’s experiments active iron placed 
in nitric acid sometimes became passive through 
contact with iron previously rendered passive 
(or with iron oxidised by heating) was due to the 
current passing between the two, the originally 
active specimen being the anode. 

Later experimenters studied passivity by 
applying an external e m f to a cell consisting 
of iron electrodes immersed in a solution of a salt 
or acid — ^not necessarily nitric acid. In general, 
the iron anode of such a cell will, at the outset, 
suffer attack* at high current efficiency, but if the 
current density is sufficient, anodic attack will 
practically cease after a certain time, and subse- 
quently almost the whole current flowing will 
be devoted to the evolution of oxygen (a slow 
dissolution of the iron will still continue, repre- 
senting perhaps 1% of the current) This change 
18 accompanied by a shift of the anodic potential 
in the noble direction, so that after passivation 
a given e.m.f. will force a smaller current through 
the cell than before it In the experiments of 
Schoch and Randolph,® the anodic potential 
(converted to the normal hydrogen scale) was 
usually between —0 4 and —0 1 v (according to 
the solution and current density) so long as the 
anode was active, but rose to high positive 
values (-1-1 4 to -fl 9 v.) when passivity set in 

If, after an iron anode has become passive, the 
current is turned off, the potential usually 
remains at a positive (passive) value for an 
appreciable time and then tumbles somewhat 
suddenly to a negative value characteristic of 
active iron. This tumble occurs much more 
quickly in acid solution than m neutral solution, 
and more quickly in sulphuric acid than in nitric 
acid (an oxidising agent) If, before the tumble 
takes place, the current is turned on again, the 
iron behaves as a passive anode, the current 
being devoted mainly to the production of 
oxygen ; if the current is turned on after the 
tumble, it is devoted mainly to the dissolution 
of iron. 

Analogous Phenomena In Non-ferrous 
Metals. — Many metals, other than iron, when 
subjected to anodic treatment at high current 
densities, show a somewhat abrupt change to a 
state charactensed by an abnormally high, 
“ noble potential, and by anodic products 
different from those normally met with at low 
current densities. But if the metal is one which 
forms a higher oxide soluble in the liquid 
used in the cell, dissolution does not necessarily 
cease when the potential rises to the “ noble ** 
level. For instance, a chromium anode at low 


current density will pass into solution at a 
negative potential as a blue chromous salt. 
After a time, however, the production of 
chromous salt ceases, but if the e.m.f. is suffi- 
cient, the anode will dissolve as yellow chromic 
acid. The formation of this energy-rich, highly 
oxidised substance requires a high potential (at 
least -f 1 1 V ) ; if the solution contains an iodide, 
such values cannot be reached, since iodine can 
be liberated at about -pO 6 v. and the potential 
therefore fails to reach the value needed for dis- 
solution in the hexavalent state ; this explana- 
tion of the action of iodides — previously mis- 
understood — was provided by Bennett and 
Burnham.* Other examples of metals which 
yield divalent compounds at low current- 
densities, but higher compounds at high current- 
densities, will be found in a series of papers of 
Grube and his colleagues.® 

Some Continental investigators have used the 
word “ passive ” to cover cases where a metal 
passes into solution at an elevated potential to 
give a highly oxidised, energy-rich compound. 
This extension of the term “ passivity to in- 
clude a condition in which metal is actually 
suffering corrosion has led to some confusion, 
and has made it necessary to seek a new word 
for those cases where the metal remains prac- 
tically unattacked ; Machu ® has coined the 
word korrosionspassiv for this purpose. It seems 
better, however, to avoid the difficulty by using 
the word “ passive ” in its origmal sense to 
denote a condition in which corrosion is absent 
or at least very slow. 

Whilst iron and nickel, whose oxides are 
soluble in acids and almost insoluble in dilute 
alkali, become passive easily in alkaline solution 
and with difficulty in acid solution, the opposite 
IS true of metals like molybdenum and tungsten, 
which liave oxides readily soluble in alkali but 
not in acid. A tungsten or molybdenum anode 
suffers corrosion at high current efficiency in 
concentrated alkali,^ but easily becomes passive 
m an acid bath. In general, oxidising agents 
favour passivity and reduemg agents activity, 
whilst anodic treatment tends to render metal 
passive, and cathodic treatment to restore 
activity. Chlondes, bromides, and iodides, and 
to a lesser extent sulphates, militate against 
passivity. 

Films as Cause of Passivity. — The relation 
between passivity and the solubility of oxides in 
the liquid under study strongly suggests that 
passivity IS connected with the formation of an 
oxide film on the metal. Although no visible 
change is noticed on iron when it passes from the 
active to the passive state, optical studies by 
Tronstad® (based on the principle that the 
presence of a thin film alters the character of 
polansed hght reflected at a metallic surface) 
have shown clearly that a film develops on iron 
during anodic treatment under conditions lead- 
ing to passivity, and is destroyed — ^at least in 
part — during the cathodic restoration of activity. 
With Borgmann,® he has used similar methods 
to study the film on iron rendered passive with 
nitnc acid, whilst Gulbransen has detected the 
loss of weight produced when iron thus passi- 
vated IS heated m hydrogen — evidently owmg 
to reduction of an oxide film. 
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The main objection formerly raised against the 
view that passivity was due to an invisible oxide 
film was that iron could be rendered passive by 
anodic treatment in sulphuric acid, which (it was 
contended) would dissolve any film of oxide. 
Such an objection is hardly in accord with the 
facts, since, although some oxides are quickly 
dissolved by acids, the direct attack by acids 
upon oxides of the type MgOg is extremely 
slow. This has long been known of oxides m 
powder form, and is equally true of oxide films, 
as was brought out m experiments by U. R. 
Evans on iron carrying visible films. Pure 
iron was heated in air to give interference tints 
of the first order (due to a thin oxide film), and 
was then placed m dilute sulphuric acid, which 
quickly destroyed the colours. At first, this 
seemed to support the view that ferric oxide in 
film form was rapidly soluble in acid. But when 
the experiment was repeated with iron carrying 
thicker films (showing second or higher orders of 
interference colours), it was found that they 
peeled off in the acid, and when once the films 
had passed out of electrical contact with the 
metallic basis, the solvent action practically 
ceased, so that the films could be kept for days 
in the acid without change. This suggested that 
the rapid destruction of the thmnor films, when 
in contact with the metal, was due to the for- 
mation, at each crack in the film, of the short- 
circuited cell 

Metal I Acid | Feme Oxide. 

The ferric oxide, being the cathode, would be 
rapidly reduced to the ferrous state and would 
pass into solution. Such an explanation was 
supported by the fact that tinted iron placed 
m sulphuric acid containing chromic acid (an 
oxidising agent which would prevent reduction 
to the ferrous state) could be kept in the acid for 
long periods without destruction of the colours 

The rational way to prevent cathodic reduction 
(due to local cells) is to submit the tinted speci- 
men as a whole to anodic treatment. It was 
found that a tinted iron anode joined to the 
electric circuit before its introduction into the 
liquid (so that current started to flow as soon 
as the metal touched the acid) was passive from 
the instant of introduction; the current was 
devoted to the production of oxygen, and the 
colour due to the films remained undestroyed so 
long as the current continued to flow. A short 
interruption of current was found to be possible 
without destruction of colour or loss of passivity, 
but if the interruption exceeded a few seconds, 
the acid destroyed the colour by removing the 
film, and when the current was turned on agam, 
the anode was found to be active, and suffered 
corrosion, no oxygen being produced. If the 
current was turned on again at the moment 
when the film had been removed from part of 
the anode but not from the whole, the anodic 
attack starting at the active portion undermined 
the remaming film, so that it peeled off. When 
once out of contact with the metal, it was found 
capable of remaming in the acid undestroyed for 
long penods. 

These experiments show clearly that the rapid 
destruction of visible oxide films on iron is not 
caused by direct dissolution of the ferric oxide. 


but by cathodic reduction through local cells to 
the quickly dissolving ferrous condition. This 
disposes of the objection raised above. When 
it 18 remembered that anodic action favours 
passivity and cathodic action activity, the facts 
support the view that passivity is really due to 
an invisible feme oxide film similar to those 
responsible for interference tints on heated iron, 
but thinner, and formed under conditions which 
will allow of continuous repair at any cracks 
which may appear in it. 

Isolation of the Films from a Passive 
Anode. — ^The expenments on visible oxide 
films suggested a way of obtaining occular 
evidence for the presence of oxide films on a 
passive iron anode. U. R. Evans built up an 
electrolytic cell on a microscope stage, containing 
iron electrodes separated by dilute sulphuric 
acid ; the anode was inclined to the honzontal, 
and the microscope was focussed upon its sur- 
face. When current was passed through such a 
cell, the anode at first suffered attack, but after 
a time it became passive, and oxygen was 
evolved, with cessation of corrosion. If now the 
current was stopped, and then very rapidly 
turned on again, the anode was found to be still 
passive, but if the cessation was prolonged, the 
anode was found to have become active, so that 
the iron suffered dissolution when the current 
was restarted. If the moment chosen for the 
restarting of the current was that at which the 
anode had become active on one part but was 
still passive over the rest, the corrosion starting 
at the active portion undermined the film still 
present on the passive portion ; thus, by alter- 
nate stoppage and restarting of the current, with 
suitable adjustment of the conditions, the film 
could be made to peel off. When once it was out 
of contact with the metallic surface, the film was 
perfectly visible, and was found to bo capable 
of remainmg in the acid without suffering dis- 
solution. This research showed clearly that an 
oxide film is present on the passive metal, but 
only becomes visible when stripped from the 
bright basis. It showed also that the film be- 
comes stable towards the acid, when once it is 
out of contact with the metallic basis, so that 
danger of reduction to the rapidly dissolving 
ferrous condition is removed. 

The anodic stripping of films m sulphuric acid 
has the advantage that the iron salts formed 
cannot hydrolyse ; the deposition of hydrated 
ferric oxide on the true oxide films, such as has 
always been known to occur when stripping is 
carried out m an aqueous solution of iodine, 
is thus avoided The objection to the aqueous 
lodme method has been overcome by Vernon, 
Wormwell, and Nurse, who used a solution of 
iodine in anhydrous methyl alcohol, thus 
developing a valuable method suitable for the 
analytical study of the films isolated (v, infra) 
Mechanism of the Passivation. — The 
passage into the passive condition has received 
detailed study by W. J. Muller,^® using a hori- 
zontal anode surface carefully protected from 
movement in the liquid. An iron anode in sul- 
phuric acid solution first becomes covered up 
with a layer of ferrous sulphate solution, which 
m due course becomes supersaturated and 
deposits crystals of ferrous sulphate identifiable 
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in the polansing microscope These crystals 
screen the greater part of the surface, so that, 
notwithstanding the fact that the total current 
flowing IS diminished as the crystalline layer 
extends, the current density on the unscreened 
part steadily rises When the current density 
has become very high, other reactions (which 
do not occur at low c urrent density, since they 
recpiiio more energy than the passage of iron 
into the solution as feirous sulphate) begin to 
take place to a small extent , these include the 
formation of oxide films and even the evolution 
of oxygen. When once a film has formed over 
any point, it will interfeie wuth passage of non 
into the solution as ferrous sulphate, so that 
oxide film formation, once started, spreads over 
the whole surface , subsccpiently the* only 
possible reaction is the evolution of oxygen, 
which will then sw'cep away th(‘ microscopic 
crystals of fcTious sulphate, so that the surface, 
which IS often dull during the piocess of passi- 
vation, bcc oines bright again 

Muller has studic'd the dying aw a}/ of curremt 
with time experimentally, and has compaicsl his 
rc'sults w'lth mathematic*al ccjiMtions obtained by 
the combination of well-established laws of 
electrochemistry Two c*c|uations can thus bo 
developc‘d,i® the first based on the assumption 
that a film of constant thickness is spreading 
sideways over the metal, and the second on the 
assumption that a film occupying a constant 
fraction of the clectiode area is cjrovnng in thick- 
ness. The two ecjuations are 

ti-h . . (-^) 

where i„, and cun cuts at times 0, 

and resjiec tivel^ , and (\ A ^ and li aio con- 
stants Muller found tluit during the passi- 
vation of anodes consisting of difteient metals 
(e f/., non, chopper, and lead), ecpiation (1) was 
obeyed during the opening stages, and ecpia- 
tion (2) cluiing the later stages Tins indicates 
that the film starts at c*eitain points on the sur- 
face, and sprc*acls siclew^iys, the thicknc*ss being 
constant, until the greater part of the metal is 
covered, subsccpiently it bc*gins to grow in 
depth 

Time of Passivation.— The time nc‘C‘ded for 
the attainment of passivity has been studied by 
Muller and others It is slioitei at high current 
densities than at low ones, is lengtlicuied by 
stirring of the licpiid, and depends greatly on the 
previous history of the iron and on the nature 
of the liquid It is much loiiL^er in ac id solution 
than in alkaline solution . in neutral solution it 
18 shortened by an> prcliminaiy treatment likely 
to cause oven a discontinuous oxide film on the 
metal. 

Other studies of the tune of passivation have 
been carried out by Shutt and Walton, 
used a vertical gold electrode m potassium 
chloride or hydrochloric* acid under conditions 
of violent stirring ]Mo\ement in the liquid pre- 
vents the accumulation of a supersatui ated layer 
and thus militates against passu ation It was 
found that under these conditions there was a 
limiting current density (oi^,) below which 
passivity was never produced, however long the 


experiment was continued. At any higher 
current density (co), the time of passivation {tp) 
was given by the equation 

tp{o)~o}Q) —Q .... (3) 

where is a constant, which in the stronger 
solutions was pioportional to the chlorine ion 
concentration, whilst a}^^ w^as also proportional 
to the chlorine ion concentration ovc‘r a wide 
lange of conditions. Armstrong and Butler 
found a similar relation for a gold anode in an 
unstirred solution, whilst Roberts and Shutt^*^ 
disc*overcd that the same eciuation determined 
the time at w^hich a c*hromium anode begins to 
dissolve as c-hromic* ac id at an elevated potential 
— a c'hange w'hich (wdiether or not it should be 
referred to <is “ passivation ”) has, as indicated 
above, muc‘h in common with the setting in of 
true passivity on iron or gold 
Other Views of Passivity. — The phenomena 
of passivity appear to be satisfactorily ex- 
plained by the foimation of films, and the 
existenc e of such films on metal rendered passive 
either by anodic treatment or by immeision in 
oxidising agents is no longer in doubt Never- 
theless numerous other theoiies of passivity 
have been, and c*ontinue to bo, put forward 
According to one group of theories, metals are m 
their natuie passive unless they tontain hydro- 
gen , the ac tivity engendered by cathodic treat- 
ment IS attributed to the mtioduetion of 
hydiogen, and the passivity consequent on 
anodic* treatment is ascribed to the removal of 
the same subst«ince Othcis ascribe passivity 
to a film of oxj^gen lather tlnin oxide, whilst 
seveial theories h.ive bec‘n advanced which 
associate passivity with electronic* rearrange- 
ments within the atoms 

Periodic Passivity and Pulse Trans- 
mission. — CVrtain phenomemi whicdi have al- 
ways awakened muc*h interest, although even 
to-day their mech.inism is not completely under- 
stood, aie met with under c*onclitions inter- 
mediate between those whic*h favour activity 
and passiv ity, so that <i small c hange can tip the 
balance between one state and the other These 
mc'lude “ periodic passivity,” wdiic*ii is discussed 
in detail by Hedges, and the transmission of 
ac'tivity or passivity along w ires, as in the experi- 
ments described by lleatheote-^ and fallie 
Passivity as a Factor m Choice of In- 
dustrial Materials. — The avoidance of cor- 
rosion in c'hcmical industry dc‘pends essentially 
on the ehoic*e of materials which will maintain 
themselves passive in the prescribed environ- 
ment, or on the adjustment of the environment 
so as to render passive the materials which, for 
reasons of strength or economy, are forced on the 
user There are certainly some materials, like 
gold and platinum, wdiich are resistant to cor- 
rosion because they have little affinity for oxygon 
and other non-metals There are, how^ever, 
others, like aluminium, which possess great 
affinity, but which, despite the large free-onergy 
decrease connected with their corrosion re- 
actions, actually suffer little or no attack ownng 
to the facility with which they cover themselves 
with protective oxide films In exceptional cir- 
cumstances (c < 7 , in presence of mercury), where 
the oxide film formed on aluminium assumes a 
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non-protcctive form, the rate of reaction may 
attain a rapidity which is almost sensational. 

The word “ passivity ” is, however, seldom 
used in connection with such materials as 
aluminium, being resei ved — perhaps incon- 
sistently — to cases where the metal passes easily 
between the active and passive conditions 
Clearly such a state of affairs will be unwelcome 
to the industrial chemist Sometimes materials 
w'hich laboratory experiments might seem to 
indicate as suitable to an environment are found 
in service to be unieliable In the laboratoiy, 
iron IS violently eaten away by dilute nitric acid, 
but if introduced into concentrated acid, it will, 
after mild incipient action, become passive. In 
industry, the exposure of a largo surhicc of 
iron even to highly conccntiatcd acid may be 
fraught with danger, since the attack may stait 
at some surface defect or site of inclusion, and, 
since any incipient action which involves loss of 
oxides of nitrogen will locally me lease the latio 
HgO NgOg, there is a chance that the attack, 
once staited, may extend over the whole sutfaee 
The danger will bo less w'herc the “ water 
activity ” IS artificially depressed, and it is 
intciesting to note that nitric acid cont«iining 
sulphuric* acid can often be used industrially m 
contact with steel, wheie nitiic acid alone would 
involve iisks of disastrous corrosion 

kSiiicc the bieakdown of passivity iii nitric a< id 
IS connected with reduction fiom the tervalent 
to bivalent st<ite, it would seem lational to 
adopt — for use m contact with that acid — a 
metal w'hich is invariably tervalent It is 
significant tji.it aluminium, where leduction to 
the bivalent state is excluded, is hardly affected 
by nitric acid of compositions which would 
violently attack steel, and is indeed employed 
in industry foi handling the higher concentia- 
tions Even where (as around 30% concentia- 
tion) the metal is attacked too ciuickly to be 
attr.ictive to the manuf.ic turei, the late of cor- 
rosion IS far slower than that set up by the same 
acid on iron, the destruction per year being 
similar to what would occur in a few houis on 
mild steel Howevei, the piesence of a small 
amount of c-hlonde greatly increases the attack 
on aluminium, piobably owing to the great 
solubility of aluminium chloride Inclusions in 
the metal also stimulate attack The use of 
high-purity aluminium will in general greatly 
increase resiltance to corrosion, provided care 
18 taken to avoid introducing contamination 
during rolling oi fashioning. 

The inlroduc tioii into iron of an clement, like 
chromium, m which the bivalent state is far loss 
stable than the tervalent, might be expected to 
improve its behaviour, and the resistance of the 
stainless steels to nitric acid of concentrations 
which would rapidly cat into ordinary steel may 
perhaps be explained-® by the fact that the 
chromium in the mixed oxide films, (FejCrJgOg, 
stabilises the tervalent condition and prevents 
reduction. The resistance of stainless steel to 
water contammg oxygen is probably due to the 
fact that the metal passes directly into the form 
of the mixed sesquioxide, (FejCrJgOg (perhaps 
hydrated), which builds a protective film over 
the surface, whereas iron free from chromium 
first passes into the water in the bivalent con- 


dition and is oxidised at a slight distance to non- 
protective rust. Forrest, Roetheli, and Brown 
found that water containing oxygen attacks 
film-free stainless steel at roughly the same rate 
as it attacks film-free iron, but, whereas the 
attack on the pure iron continues unchecked, 
that on the stainless steel falls off as a film 
develops 

The isolation and analytical examination 
of the protective film from stainless steel of the 
austenitic chromium-nickel class has been 
carried out by Vernon, Wormwell, and Nurso,^® 
using their alcoholic iodine technique. The 
oxide film contains iron and chromium, but 
practically no nickel, and the ratio of chromium 
to iron in the film substance is alw.iys higher than 
in the metal, and increases with the polishing of 
the surface, oven though the polishing agent 
contains no chiomium, if chromic oxide has 
been used in the preparation of the surface, the 
film becomes still richer in chromium. 

The alloys mentioned are not resistant to non- 
oxidising acids, but attack by such reagents can 
be greatly reduced if the matei lal contains molyb- 
denum — which is clearly related to the fact, 
mentioned above, that molybdenum, although 
active in alkalis, tends to become passive m 
acids 

Passivity as a Factor in Water-treat- 
ment. — Among the most efficient soluble in- 
hibitors used for rendering cooling-waters non- 
corrosive are sodium and potassium chromates. 
The sodium salt is of course the cheaper ; some- 
times the dichroraate is actually used, along 
with sufficient alkali to convert it to Na 2 Cr 04 
The protc(‘tion is duo to the fact that any iron 
salts formed at the numerous discontinuities in 
the invisible oxide film which exists on my steel 
surface after exposuie to air are precipitated, as 
a mixed ferric-chromic hydroxide, in physical 
contact with the metal, repairing the dis- 
continuities , thus corrosion is prevented so long 
as the water continues to contain sufficient 
chromate to cairy out repairs at points of 
spontaneous ciacking The film on iron in a 
chromate-treated water contains both ferric and 
chromic oxides, the content of chromium 
diminishing with the period of exposure to air 
prioi to introduction into the water, as shown 
by the analyses of Hoar 

Unfortunately here, as always, chlorine ions 
militate against passivity, and the chromate con- 
centration needed to prevent rusting increases 
with the chloride content, as well as with the 
temperature of the water. It is impossible to 
specify a chromate concentration which will 
ensure that a water becomes non-corrosive, since 
this depends on the design of the plant ; the 
additions must be increased if there are in- 
accessible places where the water is stagnant, 
but can bo reduced if the water is kept m rapid 
flow at all parts in the system. If the chromate 
concentration is msufficient, corrosion will occur 
locally and may be more intense than if no 
chromate had been added, since — for electro- 
chemical reasons®® — the area suffering corrosion 
will be diminished more rapidly than the total 
attack, so that the corrosion per unit area will 
mcrease 

The danger of local exhaustion pf chromate — 
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with consequent intense corrosion — is greatest 
at remote comers and crevices, and at places 
where debris, including particles of scale or rust, 
can collect. Other soluble inhibitors, such as 
silicates and phosphates, are also liable to cause 
intensification of attack, if added in insufficient 
amount. The provision of a system of in- 
hibitive water-treatment which is both safe and 
efficient is one of the great needs of the day ; 
some progress has been made by Thornhill, 
but a complete solution of the problem cannot 
yet be claimed. 

Passivity as a Factor in Protective 
Painting. — The fact that certain paint systems 
may prevent corrosion of steel when the coats 
are not water-tight, and sometimes when they 
contain visible discontinuities, i.s attributable to 
the use of pigments which maintain passivity 
Hero again chromates are among the most 
efficient. Highly soluble chromates would, of 
course, be washed out of a paint, whilst highly 
insoluble ones would fail to maintain passivity ; 
chromates of intermediate solubility are em- 
ployed, notably zinc chromate, usually in 
admixture with iron oxide Lead pigments, 
including not only red lead but also metallic lead 
and certain lead alloys, are also much used as 
anti-corrosive pigments in the priming coat of 
paints, and probably act by the formation of 
lead soaps, which are adsorbed on the metal 
The fact that they do serve to render iron 
passive is suggested by the potential studies of 
Jhims and his colleagues,^^ whilst their power 
of diminishing the corrosion rate is shown by the 
measurements of J^cwis,®^ who found that iron 
shaken m a tube containing water and air 
suffered much less attack if the w ater contained 
a suitable lead pigment than if an inert powder 
(or no pow'dcr at all) was present. 

Passivity in Electroplating. — Another 
situation where passivity attains industrial im- 
portance is in plating . hero it is generally 
required that the anodes shall dissolve smoothly 
BO as to keep the bath replenished with the metal 
which is being deposited Consoquently-passi vity 
13 an undesired phenomenon, and efforts are 
made to avoid it by the introduction of chlorides, 
by the regulation of pH at a suitably low value, 
or by the use of special anodes contammg in- 
clusions which interfere with the maintenance 
of a continuous film. 
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PATCHOULI ALCOHOL, CigHgcO, 
mp. 66°, bp. 14078 mm., 0 9924, w*" 

1 6029, [a]i^ —97 42°. Occurs in oil fiom 

Pogostemon patchouli. 

J. L S. 

PATI N A {v Vol ITT, 37.3a, 392a, c) 

PAT R O N I T E . An inhomogeneous mineral 
substance, approximately VS4, containing about 
26% of vanadium. The name was originally 
given to a mixture of vanadium -bearing sub- 
stances associated with a steeply-inclined layer 
of an asphaltite called quisqueile, from which the 
patronito may have been derived. Patronite is 
soft and dark-green in colour, and has a dull, 
earthy lustre. It was until recently the principal 
ore in the famous vanadium mine at Minasragra, 
near Ceiro de Pasco, Peru, the world’s foremost 
producer of vanadium. Patronite has now been 
superseded as the chief ore at Minasragra by 
other complex vanadium minerals. Between 
1939 and 1941, this mine exported annually 
about 16,000 tons of vanadium ore, with a 
vanadium content of approximately 1,100 tons. 

D. W. 

PATULIN. Patulin is the name given by 
Raistnck (Lancet, 1943, ii, 626) to an anti- 
bactenal substance produced by the mould 
Pemcillium patulum Bainier. It is also pro- 
duced by several other moulds, and has been 
shown to be identical with “ claviformm,” 
isolated by Chain, Florey, and Jennings (Brit J. 
Exp. Path. 1942, 23, 202) from the metabolism 
Bolution of Pemctlltum claviforme , with “clava- 
tm ” and “ clavacin ” isolated by Bergel, 
Momson, Moss, Klein, Rmderknecht, and Ward 
(Nature, 1943, 152, 760), and by Waksman, 
Homing, and Spencer (Science, 1942, 96 , 202), 
and Hooper, Anderson, Skell, and Carter (ibid. 
1944, 99 , 16) from the metabolism solirtion of 
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Aspergillus clavatus ; and with “ expansm 
isolated by Nauta, Oosterhuis, Linden, Van 
Duyn, and Dienske (Rec. trav. chim. 1945, 64, 
254) from the metabohsm solution of PemctUtum 
expansum Westl. 

Patulm crystallises from ether m colourless 
prisms or plates, m.p. IIT. It forms a mono 
acetyl derivative, m.p. 118°, a phenylhydrazone^ 
m.p. 152-163°, and an oxime, m.p. 152-155°. 
As the result of chemical degradation it was 
identified as anhydro-3-hydroxymethylenetetra- 
hydro-y-py rone-2- carboxylic acid by Birkin- 
shaw. Bracken, Michael, and Raistrick (Lancet, 
1943, ii, 625). Additional evidence for this 
structure was advanced by Bergel, Morrison, 
Moss, and Rmderknocht (J.C.S. 1944, 415) who 
also showed that the substance behaved as a 
mixture of several tautomeric forms (I-IV) 
Its chemical reactions are unexpectedly compli- 
cated. 

CO 

CH\ 

CH^CO/^ 


HgC 


1 . 


CO 




HoC 


HgC 


C-CH,. 

II )( 

c— co/ 


II. 


HC 

Hi 




C OH 


C— CH, 


co/ 


III. 


C OH 




C-=^CH 




HC 

I - / 

HgC CH— CO/ 

IV 


The evidence advanced by Birkmshaw et al for 
formula (1) was as follows. On boihng with 2 n. 
sulphuric acid, it yielded formic acid and tctra- 
hydro-y-pyrono-2-carboxyhc acid, which estab- 
hshed the presence of the pyrone ring and the 
position of all the carbon atoms except one 
With concentrated hydnodic acid, y-keto-€-iodo- 
w-hexanoic acid was formed and, on catalytic 
hydrogenation, followed by further reduction 
with concentrated hydnodic acid and red phos- 
phorus, )3-methyl-y-hydroxy-n-hexanoic acid and 
^-methylcaproio acid. These reactions fixed the 
relative positions of all the carbon atoms, and 
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led to (I) as the most probable formula. Bergel 
et al , however, pointed out that tetrahydro-y- 
pyrone-2-carboxyhc acid had only been obtamed 
from patuhn in a yield of 10%, so that additional 
evidence was desirable to confirm the presence 
of the pyrone ring. They were able to provide 
the followmg further data in support of Rai- 
strick’s suggested formula. When treated m 
ethanol solution with hydrogen chloride, patulm 
gave an oil which, on hydrolysis with dilute acid, 
was converted into a crystalhne ketochloro-acid, 
C7H7O4CI. This on hydrogenation gave a 
chJorme-free keto-acid, C7H1QO4, which on 
treatment with hydnodic acid was converted 
mto a duodo-acid, C7 H^q 03I2- This on reduc- 
tion yielded y-keto-j3-methyl-n-hexanoic acid 
(IX). Hydrogenation of patulm, followed by 
treatment with hydrobromic acid, yielded a 
bromo-compound which was converted by reduc- 
tion mto jS-n-propylbutyrolactone. The forma- 
tion of this compound and of the acid (IX) 
established the relative positions of all the carbon 
atoms, whilst the position of the fourth oxygen 
atom was established by a consideration ot the 
intermediates leading to the formation of (IX). 
The diiodo-acid was presumed to bo ae-diiodo-y- 
keto-j8-methyl-w-hexanoic acid (VIII) and the 
mono-keto acid, 3-mcthyltotrahydro-y-pyrone- 
2-carboxylic acid (VII) The cliloro-acid was 
formulated as 3-chloromethylenotetrahydro-y- 
pyrono-2-carboxylic acid (VI), whilst the oil 
from which it was foimed was assigned the 
structure (V), which must have boon derived 
from the tautomeric lorm (IV) ot patulm. 
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PATULIN. 


CO 

2 H, ^ CH 3 

Had; iHaCOOH 
IX. 

Attempts to synthesise patiilin have been un- 
successful {cf Atten burrow. Elks, Elliott, Hems, 
Hams, and Brodrick, J.C >S 1945, 571 , Borrows 
and Hems, ibid , p 577) 

Patulin completely inhibits the growth of 
Staphylococcus aureus at a dilution of 1 in 04,000 
to 128,000 and is equally effective against othei 
Gram-positive and a number of Gram-negative 
organisms This strong geneialised anti-bai teiial 
activity prompted Gye (Lamct, 1943, 11 , 025) 
to test patulin in the treatment of the common 
cold, and preliminary observations suggested 
that it produced rapid relief in this condition 
These findings were supported by Hopkins’ 
observations (ihid ) in a contiolled trial on a 
number of volunteers, the results being ap- 
parently statistically significant Jn a subse- 
(juent investigation, however, by Stansfeld, 
Erancis, and Stuart Harris (ibid 1944, 11 , 370) 
no significant effect was observed on the duia- 
tion 01 severity of the common cold, and no 
satisfactory reason has ever been put forward 
as to why these two sets of clinnal trials should 
have given lesults diametrically opposed to one 
another 

Attempts to use patulin for the trc'atment of 
bacterial infections in experimental animals were 
also unsuccessful, as the substance proved to be 
very toxic Its pliaimacological piopertic's weie 
investigated by Broom, Bulbiing, (’hajiman, 
Hampton, Thomson, Ibigar, Wien, and Woolfc* 
(But J Exp Path 1944, 25, 195) The most 
striking change ])roducc‘d by Icdhal close's of 
patulin was smerc' lung (edr'ina, and even small 
doses injec tc'd subc utaneouslv ( aused ocdc'ma not 
confinc'd to the sdc' of injection but occuiiing 
tliroughout the body , this led to ha?mc)con- 
centraticm Patulin also had a local irritant 
action on the conjunctiva, aiic'sted the ciliary 
movement on mucous mc*mbraru's, stopped the' 
growth of fibroblasts in tissue c'ultures, and in- 
hibited wound healing Sub-toxic doses had a 
marked anti-diuretic' action Patulin, therc'foie, 
IS valueless as a therapeutic agc'iit, both for 
internal use and for local apjilication 
Patulin has a marked lethal action on certain 
fungi and has been tested as a fungicukil agent 
in the protection of plant seedlings against 
fungus attack 

1^’ A B 

PAULI’S PRINCIPLE (v Vai.encx) 
PAW- PAW. The name commonly given in 
England to the Papaya (Canca 2)apaya L , or 
Papaya vulgaris !)(’), not to be confused with 
the American Paw-]*avv or C’ustaid-applo (v. 
infra). 

The papaya is a melon -like fruit, approxi- 
mately 1 lb. in weight, and is eaten raw or 
cooked, or is converted into pickles and pie- 
serves. It IS the commercial source of West 
Indian papain (v. this Vol , p 215c) which 
occurs m the latex. The latter, after tapping, 
readily coagulates on exposure, and is rapidly 


sun-dried. The edible flesh of the fruit, con- 
stituting approximately two-thirds of the total 
w'cight, has the following analysis (Adnano, 
Idiilippme Agric. 1925, 14, 57). Solicls 11-12, 
piotcm 0 3-1 2, fat 0 17-0 24, fibre 1 06, ash 

0 53% Thompson (Hawaii Agric. Exp Sta. 
Ann. Kept. 1914) also records the ripe flesh to 
c ontain . reduemg sugars (largely glucose and 
fructose) 8 99, sucrose 0 54, organic acids (as 
citric acid) 0 15% The ripening process is 
associated with a steady increase in reducing 
sugar content but with little alteration in those 
of sucrose or acid. According to Bagaoisan 
(Philippine Agric 1932, 21, 53) the fruit contains 

1 27% (dry weight) of phytin (v Vol VI, 495c) 
The Custard-apple (American Paw-Paw) is 

the fruit of a native American species, black- 
skinncd and yellow -fleshed, highly valued for 
desert or as ingicdicmt of beverages and pre- 
serves Win ton (“ vStructure and Composition 
of Foods,” Vol 11) quotes the following per- 
centage analysis of the edible portion (approxi- 
mately three-quarters of the total w^eight) of the 
flint . 


Water 

Pro- 

tt HI j 

Put 

NitroKi'ii- 

Iroc' 

extract 

Jle- 

clucinj? 

sugais 

Su- 
( rose 1 

Ash 

70 C 

52 

0 9 

108 

5 0 

2 7 

0 5 
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PEA. Pisum sativum or P arvense A 
Ic'giimmous plant common to moderate climates 
almost throughout the world. The green im- 
mature seeds foim the common domestic 
V c'getable , the fully ripened and dried seed is 
threshed and stored for human food or for the 
winter feeding of c*attle The leafy part of the 
plant may be hayed and used as a stock feed for 
which its lelatively high nitic:)gen, phosphates 
and c'alcium contents are of value Canned 
(grc'C'Ti) pc'as, in recent yeais, have become an 
important item of diet A solt-podcled vaiiety 
(P sativuni var .saccharatum or P sativum 
gullosiim)^ the French “ pois goulus,” of whic*h 
i)oth seed and pod arc edible is fixvoured in some 
paits of the European continent and in Amenc'a 
The innumerable varieties and hybrids of peas 
render botamc-al classification impracticable lint 
m general the wrinkled sui faced (when dry) 
garden pea is commonly described as P sativum, 
and the smooth (field) pea as P arvense 
As typical percentage analyses of peas, the 
following may be quoted 



Solids 

Pro- 

tein 

Eat 

Su- 

crose 

Starch 

1 Petit 
pois 

14 2-18 8 

3 4-4 4 


0 7-0 9 

5 6- 8 5 

1 Marrow- 
fat 

22 2-27 5 j 

5 1-6 7 


0 4-0 9 

8 8-12 9 

2 Dried 

86 4 

23 4 

1 0 





Pento- 

sans 

Total 

N-free 

extract 

Fibre 

Asli 

iPc'tit jiois 

0 7-0 9 


1 7-2 3 

1 0-1 8 

1 Marrowfat 

1 0-1 6 

16 9 

1 0-1 6 

1 .5-2 6 

2Driccl 


52 7 

5 6 

2 8 


> U S Bur Che 111 Oil Exp Sta 1909, Bull 125 
2 Ibid 1906, Bull 28 
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The non-protein nitrogen may amount to 25% 
of the total nitrogen in very young peas and 
averages 8-12% in the more mature stage at 
whu h they are usually marketed Osborne and 
Campbell (J Ainei. Chem. ISoc 181)1), 18, 583) 
separated the pe<i proteins, which consist mainly 
of two globulins, Icgiimin and vicilin, with 
approximately 10% of an albumin, legumelin 
There are also present a proto- and a doutero- 
proteose and sni,ill amounts of choline and tri- 
gonelline A detailed examination of the pro- 
teins IS recorded by Osboine and Heyl (J Biol 
Chem 1908,5,187) 

The nitiogen-free extract of peas includes an 
average of stai( h |j8, dextiin 10 5, and pentosans 
4% (). Kellener C‘ Scientific Feeding of 

Animals," 192(3) records analyses of the whole 
plant at dillerent stages and of the seed and 
milling olbds as commonly graded foi stock 
fccHlmg (all values, %) 
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tein 
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i 1 c'O 
C‘\- 
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tiact 



Groc'ri plant 
(noweriim) 
11 a V (c*ut at 

84 (’) ! 

4 0 

0 

5 I 

4 5 

1 4 

flovvenaji) 
St law (cut 

1 () 7 1 

1 

14 3 

2 0 

31 2 

25 2 

70 

npe) 

Sc c*cl (air- 

13 () 

<) 0 

1 0 

33 7 

35 5 

0 () 

(li\ ) 







Whole 

14 0 

22 *) 

1 0 

.5.3 7 

5 4 

2 8 

Husk 

12 (1 

7 i 

1 2 

31 <> 

41 7 

2 0 

Bran 

! 117 

1() S 

J 7 

1 

4()2 

20 1 

3 5 


The seed yields 1-2% of «x p.dc ;yellowoil (on- 
taining (onsideiable projiortions of lecithin and 
})li^tosterol. Recoided chaiacteiistics of the 
oil indudc saponification \alue 188 5, neiitial 
fat 58 7 (ethei), 74 (petroleum), total fatty acids 
87 (), fice fatty «ich1s 11 0, lecithin 27 4 (etlicu), 
() 9 (pc'ti oleum), unsaponifiablc matter 7 7% 
Fiom numeioiis published n'cords of the 
vitamin c’cmtent of peas (per 100 g ) the following 
are ic‘])rescntati\e 



Vjt.miiii- 

d, 

I TT 

'1 hiainin, 

Kiho- 
tl<i\ Jii, 

\S( Ol- 

hu 
ac id, 
ing 

Flesh 

()00- 3,300 1 

3.50-800 

50 250 

15 ,30 

Fiozcn 

400-1,400 

300-000 


8-25 

Canned 

400- 1,100 

80 S(K) 1 


5 20 


The ash of peas compiises 

K2O Na.O CaO MgO P2O5 SO3 SiO, Cl 

41 8 1 0 5 0 8 0 30 4 3 5 0 0 1 5 

The minor mineral constituents include Fe (30, 
Al 10, Mn 8-14, Cu 4-11, Zn 34, As 0 2(3, 
B 8 4 rag per kg T Y Lo ( Food Res 1 945, 
10, 308) reports that the carotene content of 
peas IS increased by supplying small amounts of 
zinc or nic'kel to the plants. 

A G. Po. 

PEACH. The fruit of Prunus persitaj the 
original species of w'hich were probably native to 
Persia and Southern China. Modern varieties 
are commonly classed as “ cling stone ” or “ free 
stone ” types, according to the manner of attach- 


ment or ease of detachment of the stone (or 
“ pit ”) and the flesh The fiuit is eaten raw or 
IS canned for transport and storage The larger 
Arnei lean -grown varieties average 159-200 g m 
w^eight, and Eiiropcan-giowm typos 50-70 g. 
The stones repiescnt approximately 6 and 3 5% 
of the total weight of the respective types, and 
the edible pulp includes 75-80% of juice 
The percentage composition of the edible flesh 
of the flint IS as follows 



Total 

solids 

Protein 

A elds 
(as inalie) 

Vine*! lean 

Kuiopc'an 

13 21 
11-17 

0 35 

0 8-1 1 

0 7 

0 5-1 1 



Sucrose 

llcMlueing 

sugars 

Taiuiin 

Ainc'ncan 

Kuiopc‘an 

5 7 

2 0-10 0 

2 0 

2 0-70 

0 00-0 22 


A t ypic al analysis of the separated jiiic'c {p 1 042) 
lecorcls the following constituents in g per 
100 c c 


Pro- 

tc*in 

Acids 

(as 

malic) 1 

duemg 

sugars 

Su- 

crose* 

Tan- 

nin 

Vsh 

0 4 

1 0 

3 4 

“iT?, 

0 12 

0 40 


The acids jirescnt arc inaiid> malic* and citric* 
ac*icls, the pioportions of winch vary enormously 
in fiiiit fiom different souices (Muttclct, Ann. 
Kalsif 1922, 15, 453) 

The iipemng process in pc‘<ic*hos is associated 
with a steady incicase m both sucrose and 
iccluc ing-siigar c*oiitcnts (percentage and absolute 
amounts), the clisappcMrance of starch, and the 
transfoimation of pmtopectm into pectin with- 
out appreciable ehangc in tlic* total amount of 
pc'ctinouH iihittei presc‘nt 
The* stones yield a fattv oil, coinmoreially 
known as “ peach-kernel oil,” ainygclalm, and a 
protc*in, ananclrm (Osboine and (’ainpbcll, J. 
x4mc*r Chem Soc* 1800, 18, (309) 

The ocloiiferous pi me iple of peiic lies, examined 
])y Power and Chestnut {ihtd 1921,43, 1725, 
1922, 44, 29(56), consists largely of esters (forrihite, 
acc'tate, valerate, and c*.ipiylate) of lirialool An 
ap])i( ( lable amount of ac c'taldc'h} cle and a tt<ice 
of c*acliriene arc* also present 
The vitamin c*ontc‘nts of j)c*ac*hes vary 
enouncnisly accoiding to source The following 
ranges of values (per 100 g ) have been recoided 


1 

Vitainin- 

d, 

1 V 

'rhiamin, 

pg 

lliho- 

flaviu, 
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Ascorbic 

acid, 

ing 

Fresh 

(’aimed 

300 -3,000 

30-120 

30-00 

7-60 

2-18 
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Mineral constituents of the vash of peach flesh 
include KgO 0 20-0 32, CaO 0 01-0 3(3, MgO 
0 17-0 20, PgOg 0 046-0 053% of the ficsh 
material, the total ash being 0 3-0 6% Of the 
minor elements reported data show Fe 3 6, A I 
8 8, Cu 2 7, and Zn 0 2 mg. per kg. fresh weight. 

A G. Po 
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PEAR. The fruit of PyriLS commuma 
originally occurring in temperate regions of 
Euiope and 'western Asia. Many varieties are 
now grown including hybrids with the Japanese 
sand pear (P. aerotina). The small sour pear 
used m France and elsewhere for the making of 
perry is probably den\ ed from the “ snow pear ” 
(P. nivalis). Dessert pears are normaUy picked 
while slill hard and green and allowed to ripen 
m darkness. A typical analysis of green pears 
shows: HgO 83*9, piotein 0 66, fat 0-79, N- 
free extract 11-6, fibre 2*7, ash 0 6%. 

Changes in composition consist mamly in a 
steady mcreaso in sugar content and a smaller 
increase in acidity as shown in the following 
data : 



Water 

Acids 

Re- 

ducing 

sugars 

8u- 

ciose 

Tan- 

nin 

Ash. 

Green 

Ripe 

80 0 
87 5 

04 

1 0 

5 8 

12 4 

0 

68 

0 01 

0 1 

0 14 

0 37 

Pear juice (p 1 052) 
per 100 c.c.) : 

is reported to contam (g 

Solids 

I'ro- 

tein 

Acid 

(as 

mailt ) 

lle- 
duc mg 
sugars 

Su- 

crose 

Tan- 

nin 

Ash 

13 3 

0 28 

0 75 

78 

20 

1 017 

1 

0 35 


(Wmdisch and Schmidt, Z. Unters. Nahr.- u. 
Genussm. 1909, 17, 684). Mafic and citric acids 
are the prmcipal acids found. Even m the im- 
mature state pears contam appreciable propor- 
tions of acetaldehyde, which mcrease consider- 
ably as the fruit ripens. Juice of green fruit 
may contam 18-62 mg of acetaldehyde per litre, 
the value rising to 200 mg. in over-ripe 
(“ sleepy ”) fruit. 

Pears are commonly conserved by drymg or 
by canning and the following mdicates average 
analyses of the processed fruit : 



Water 

Protein 

Fat 

Cai bo- 
hydrates 

Ash. 

Dried pears 

165 

28 

2 4 

72 9 

24 

Canned 

81 1 

03 

03 

18 0 

03 


Huber (Landw. Versuchs.-Stat. 1911, 76, 443) 
records the following analysis of dried pear 
seed : 



Protein. 

Fat. 

Lecithin 

Total 

sugars 

(as 

invert) 

Whole seed 

30 4 

25 2 

08 

56 

Kernel . 

61 8 

33 1 

1 04 

66 

HuU 

11 4 

7 1 

0 66 

69 



Pentosans 

Fibre 

Ash. 

Whole seed 

67 

7 15 

4 19 

Kernel . . 

3*4 

2 14 

6 04 

HuU . . . 

14*3 

18 48 

2 31 


Characteristics of the seed oil are : 1*4727, 

saponification value 197, lodme value 126, acid 
value 2*3, unsaponifiable matter 0*5%. 

Pear leaves contam approximately 1% of 
arbutm which, on hydrolysis, yields quinol, 
small quantities of which have been detected m 
pear buds. 

Serfert (ibid. 1894, 45, 29) reported the pre- 
sence of a wax (m.p. 68°) m the rind of pears. 
The vitamm contents of pears (per 100 g ) are 
reported by various authorities as • Vitamm- A 
less than 60 I.U., thiamm 2-60 /xg., riboflavm 
7-30 /Ltg , and ascorbic acid 1-11 mg. (canned 
fruit 0 6-2 0 mg.). 

The mmeral constituents ofi the fruit (total 
ash 2*5-3*6%) include: KgO 1*6, Na20 1*3, 
CaO 0*26, MgO 0*2, P2O5 0 4, SO3 0*2, S 1 O 2 
0*1%, together with Fe 3, Cu 2 2, Zn 1 6, and 
As 0 7 mg per kg of fresh material. 

A. G. Po. 

PEARL (v. Vol. VIII, 238d:). 

PECTIN. Under the heading “ pectic 
materials ** or “ pectins ’* are included groups of 
substances, the complex nature of which has 
made it difficult to establish their composition 
and constitution, and to decide whether or not 
they are to be regarded as chemical entities 
They have long been recognised as constituents 
of the cell walls of plants and were first isolated 
as long ago as 1790 by Vauquelm (Ann. Chim. 
Phys. 1790, 6, 92), who also showed that the 
formation of jeUies with certain frmt juices and 
sugar was due to the presence of pectm m the 
juice. This abihty to form jellies with sugar is 
the basis of the mam industrial use of pectm 
preparations , the changes undergone by pectins 
in the ripening of fiuit, storing of vegetables and 
the retting of flax, to mention only a few 
examples, have made essential a detailed study 
of the chemistry and biochemistry of the pectic 
materials. 

Pectm, as normally isolated from plant 
material, is a mixture of polysaccharides, three 
of which have so far been clearly identified and 
characterised. These are : pectic acid, present to 
some extent m fruit as its methyl ester and 
responsible for the acidity and jellmg properties 
of pectm , araban, hydrolysis of which gives rise 
only to i-arabmoso ; and a galactan, built up 
solely of d-galactose residues. Other poly- 
saccharides may also bo present in pectm, and 
some authors claim to have isolated i-fucose and 
d-xylose from the products of hydrolysis of 
various pectins. The older literature contains 
many references to substances such as “ meta- 
pectio acid,” “ digalacturomc acid,” etc., but it 
now seems cortam that these products were not 
chemical entities and consisted of mixtures of 
poluronides or of their degradation products. 

The constitution of the acidic component of 
pectin has been the subject of many investi- 
gations, but only recently has proof been 
obtamed that pectic acid is a polymer of high 
molecular -weight built up of d-galacturonic acid 
residues. One of the most difficult problems 
I hero, as also with pectic materials m general, is 
I the isolation of the pure polysaccharide m a 
form suitable for examination. Owmg to the 
I high molecular weight and the colloidal nature 
I of the polymers a complete separation of the 
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pcctic acid from adsoibed arahan and galactan 
IS difficult to achieve. In additfon, the pectic 
acid appears to bo present in the plant in an 
insoluble form, more especially in the cady 
stages of growth. There is some evidence that 
this insolubility is due to the combination of the 
carboxyl groups of the pectic acid with other 
polymers such as galactan, arabiyi, and cellu- 
lose (Henglein, J. fur makromolckulare Chemie, 
11)43, 1, 121), or to the presence of insoluble 
magnesium or calcium pectato. The insoluble 
calcium salt of pectic acid is used as a method 
>of isolation and estimation of pectic acid 

Ehrlich and vSaurez independently showed that 
poetic acid is built up of d-galacturomc acid (I) 
residues, and that either “ pcctmase ” (from the 
mould Penudlium ehrhcii) or mineral acid, 
could bo used to bring about hydrolysis to the 
monosaccharide. The enzymic method of 
hydrolysis has become of considerable impoit- 
ance industrially for the removal of pectic acid 
from fruit drinks and wines Hcnglem «and 
Schneider (Her l‘,)3(>, 69 [13], 309), demonstrated 
that pectic acid was a polymer of high molecular 
weight, then mows being in contrast with earlici 
opinions which had favoured a cyclic structure 
containing only six sugar residues. These 
authors nitiated pectin and showed that the 


lesultant nitrated ester possessed all the 
piopertics of a linear polymer of high molecular 
weight. This is in agreement with X-ray 
studies made by K. Meyer and H. Mark, “ Der 
Aufbau der hochmolekulai en Naturstoffe,’* 
Leipzic, 1930, p 210. The work of Leveno and 
Kreider (J. Biol. Cliem 1937, 120, 591) indicated 
that in pectic acid (II) there exists a chain of 
d-galacturonic acid residues in which the 
hydroxyl groups on C2 and C3 were free This 
was proved by oxidation of pectic acid with 
periodic acid, followed by the isolation of d- 
tartaric acid (III) after hydrolysis and bromine 
oxidation of the resultant polymeric dialdehyde 
(IV). These results were confirmed by Smith 
(Chem. and Ind. 1939, 58, 304) and by Beavan 
and Jones (ibid 363), who metliylatcd degraded 
pcctic acid from various sources and isolated 
2 3 - dimethyl - d - galacturonic and (V) after 
hydrolysis of the methylated materials (VT). 
These results indicate that pait, if not all, of the 
pcctic acid molecule consists of d-galac turonic 
acid residues (I) linked through the hydroxyl 
groups on and C4 or and C5 with the 
ioi Illation ot a linear polymer The extra- 
ordmaiy stability of pectic acid to acidic 
hydrolysis indicates that a pyianose ring struc- 
ture IS present in the sugar molecule and tliat 


CO2H 

HO 

]{ ;h,oh 

l\ OH h/1 

H \| 1 / 


H 


I 

OH 


0 
.0 

1 

2H 


- 0 ^ 

COgH 


0 \H 


/I — 0 \ . . 

0-,/h 

\ , 

’) 



\OH 

h/I_ 


V 71 

H\;i 

_l/ 


h\ / — 

1 



H \ 1 2/ 

1 

H 

OH _ 

ii 

CHO CHO 


rr. 


IV 


HO--C— H 
li 

H-C— OH 

COgH 

111 


CO.2H 


HO /' 

; 1 h,oh 

\ OMe H 

H^' 1 / 


H 


OMe 


COgMe 


/ 

K 

H\ 


/r 


\^OMe H 


H OMe 
VI. 


H 


MeOCH 


O 

\OMe H 

1/ 


H,OMe 


/ 


H OMe 

VH. 


I 


HO, 


H 


i\OMe H/i 


i\i 


H,OMe 


J/ 


H OMe 
VI 11. 


H 


HO 




h\| 


i'°\, 

r,5Al,5A1,l 

3, 

OH 

1 

L A J 


H OMe 
IX. 


V /-aial>o(nr.anos(‘ residue 
tliiougli tlu‘ miinheied 
( arl)(»M .itoius 

X. 


CHgOMe 


HO, 


l\OMe H/i 

H OMe 
XI. 

VoL. IX.— 17 


H,OH 


CHoOMe 


MeO ^ 


OMe 


Ml 


'i -!' 

H OMe 
XIL 


[,4G1,4G1,4G1,] 

(i iL - toi>\ raiiose 
linked tliiouKli the nutn- 
herud carbon atonia 


XIII. 



PECTIN. 


2.')8 

the linkage is through the hydroxyl groups on 
Cj and C^. 

Ehrlich, a pioneer in this field of carbohydrate 
chemistry, Has the first to isolate a pure sample 
of araban from pectin and his method of separa- 
tion (extraction with 70% alcohol) is still the 
best available in spite of its tedious nature 
More recently this araban has been isolated from 
a vanety of pectic materials including those 
present m the peanut, apple pomace, and in 
citrus fruit (Hirst and Jones, J.C.S. 1938, 498 ; 
1939, 452, 464, 1805) It is characterised by a 
high negative rotation and by its ready hydrol^sn 
with dilute acid The isolation of a pure araban 
has so far only been achieved via the acetate, 
by which means traces of pcctic acid and 
galactan can be removed by fractional precipita- 
tion Mctliylation of the araban folloned by 
methanolysis gives tliree mam pioducts . 2 3 5- 
trimethyl methyl-Z-arabinoside (VII), 2 3-di- 
methyl methyl-Z-arabinosidc (VI fl), and 2- 
mcthyl mcthyl-/-arabmoside (JX) The isola- 
tion of these products taken in conjunction with 
the ease of hydiolysis indicates that m araban 
at least onc-third, and most piobably all, of the 
aiabinoHc rcsiducH aic in th(‘ furanosc foim and 
that araban (Xy is not a lincMr polymei like 
pcctic acid but is a branc'hcd polymer 

The galactan jiiesent in pcctic materials has so 
far been isolated m a puic state from one source 
only, namely, from the seeds of the white lupin 
It has been shown (sep Hirst, ibid 1942, 70) by 
the methylation method that it is a linear 
polymer of liigh molecailar w'cight, since the 
methylated galactan gives on hydiol^^sis 2 3 0- 
trimcthyl d-galactose (XI), togelhei with traiTs 
of 2 3 4 0-tetiaincthyl (/-galactose (XII) Since 
the galactan (XIII) has a very small rotation 
and IS hydrolysed liy acid with difficulty it is 
considered that the sugar residue's in the polymer 
are in the p^^ianose foim, unitc'd through jS- 
glycoHidic links, wheic'as poetic acid, which has 
a high positive rot«ition, piobably contains a- 
glycosidic links On this evidence it seems un- 
likely that pectic acacl is a direct intei mediate in 
the conversion of galacttin into araban by a 
process of OAidation of the primary alcolml 
grouping on Cq of the galactose units followed 
by decaiboxylation of the resultant galacturomc 
acid residues 

Pectin, which is found m practically all living 
plant tissue, is prepared on the commercial scale 
either from citiiis fruit residues or from the 
apple pomace remaining after the expression of 
apple juice The pectin is extracted by pres- 
sure cooking with water and the aqueous filtrate 
containing pectin aiul impurities may then be 
vacuum-concentrated and the pectin precipi- 
tated with ah'ohol An alternative method is to 
precipitate the pcetin as its insoluble calcium 
salt, or as insoluble nickel or copper salts fol- 
lowed by removal of the metals with ion ex- 
change resms. If pectin of low methoxyl con- 
tent 18 required then de-esterification by means 
of acids, alkalis or pc(‘tin esterase may be em- 
ployed This type of pectin is useful when the 
formation of gel structures by reaction with 
calcium or other polyvalent ions is required. 

Molecular weight determinations of pectins 
from apples, pears, plums, and citrus fruits 


indicate that they arc of the order of 25,000- 
100,000 and therefore contain from 140 to 570 
uronic acid residues (Sigurd Saverbom, “ A 
•Contnbution to the Knowledge of the Acid 
Pol 5 aironidcs,” Uppsala, 1945 ) 

The increasing mdustiial importance of pectin 
has stimulated research on the physical proper- 
ties and chemical reactions of these materials. 
Methods are now available for the preparation 
of acylated denvatives of pectin and of nitro- 
pectin. Pectin is also available as a source of 
S-galacturonic acid, 5-keto-/-galactonic acid, d- 
altronic acid, vitamin-C’ and /(+)-tartaric acid. 
The latter compound is produced by atmo- 
spheric oxidation of galacturomc acid under 
carefully controlled conditions of pH. The 
mechanism of formation of gels of pectin in 
sucrose solution has also received considerable 
attention. Eor jelly formation, the optimum 
concentiation of pectin is about 0 7%, of 
sucrose about 60%, and acidity pH 3 Pectic 
acid, however, will form gels at low^er sugar 
concentrations 

Salts of pectin are now used as aids in spray 
drying, for paper coatings, as thickening agents 
in desserts, as latex thickeners, and as a sub- 
stitute for agar in bacteriological media. In 
addition, pectic acid (prepared by the enzymatic 
dc-estcrification of pcctm, followed by removal 
of pectimc acids) yields a product which gives 
solutions of high viscosity and of good film- 
forming properties 

E L H and J K N J. 
PEGANINE(r Vol VI, ISGci) 

PELARGON EN I N, a flavylium salt ob- 
tained by the partial hydrolysis of natuial 
liclaigonin (q v ) by means of cold, coiuentrated 
hydrochloiic acid (Willstatter and Bolton, 
Annalen, 1917, 412 , 133), crystallises from the 
warm 2% acid in the form of scarlet-red needles 
of the dihydrate, C2iH2iOioCI,2H20 The salt 
18 very sparingly soluble in cold water or dilute 
hydrochloric acid. At 18°, 100 c.c. of 0 5% acid 
dissolve only 2 mg It is also sparingly soluble 
in cold 7% sulphuric acid, but it dissolves readily 
on warming. It is easily soluble in methyl 
alcoholic hydrogen chloride, and it dissolves more 
freely in ethyl alcohol than does pelargonm. Its 
solution in hydrochloric acid is yellowush-red, 
bluer tjian a solution of pelargonm, and yellower 
than one of pclargomdin in the same solvent. 
The most characteristic property of pelargoncnin 
IS the strong greenish -yellow fluorescence of its 
alcoholic solutions, which is much more intense 
than that of pelargonm. Pelargonenm chloride 
has been synthesised by Leon, Kobertson, 
Robinson, and Seshadri (J.C S. 1931, 188, 2672), 
who have shown that it is the S-jS-glucoside of 
pelargomdm chloride (I). Of the isomeric 
glucosides, all of which have been synthesised, 
none shows a fluorescence m alcoholic solution. 
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PELARGONIDIN \\a3 obtained in the first 1 salt can bo obtained only by heating the hydrate 
instance by the hydrolysis of pelargonm ((y.y ). at 105° in high \ acini m The anhydrous chloride 
Callistephm, pelargonidm-S-glucoside, occurs m is brown m colour, but it retains the metallic 
the flowers of the summer aster {Callistephna lustre of the hydrate It is very hygroscopic; 
chmensis), Fragarin, the colouring matter of exposed to an, the red inonohydrate is soon 
of strawberries {Fragara vesca)^ is the corre- regenerated The chloride does not melt below 
spondmg galactoside (Robinson, Bor 1934, 350° Heating with dilute h^^diochloiic acid 
67 [A], 98). Pelargomdin saccharides are very changes pclargonidm chloride into a more 
widely distributed in nature. Pelargonidin-3.5- soluble derivative. It is sparingly soluble in 
dimonosides (pelargonm type) are present in cold, dilute hydrochloric acid, although much 
Gladiolus gandavcrmSy Ilyacinthus onentaliSy more readily than is cyanidm. The solution 
Lathyrus, Pentstemoriy Phlox^ Claikia elegans, differs fiom that of most an thocyanidms in that 
Dianthus cat yophylluSy Dahlia, Solanum tube- an absorption band is present in tlie indigo blue 
rosum, and Zinnia, and in a pure state in orange- — violet, in addition to one in the yellow — 
red polyantha roses. Pelargonidin-3-biosides blue region The aqueous acid solution is 
have not as yet been isolated from natural rendered blue on the addition of sodium car- 
sources, but there have been many indications bonate. With ferric chloride there is no 
of their occurrence in Delphinium nudicaule characteristic coloration , an alcoholic solution 
splendens, Sophronilis grandiflora, Papaver is merely rendered reddish-brown. The chloride 
nudicaule, Lathyrus odo7 atus, Anemone caronaria, is very easily soluble in methyl and in ethyl 
Campanula, Gladiolus gandavensis. Gloxinia, alcohol, forming red solutions which have a 
Cineraria stellata, Tropaeolum majus, Tnlipa violet tinge and are non-fluorescent. A change 
gesneriana, and m Begonia semperflorens , in of colour to violet occurs on the addition of 
Phaseolus multifiorus the 3-bioside is present m sodium acetate. Lead acetate gives a blue 
a pure condition. In some instances the biose precipitate. The chloride is very largely cx- 
residue is known to be that of a rhamnoglycoside ti acted from an aqueous acid solution by the 
(Gloxinia and Streptocarpus), or a pentose- “ cyanidm reagent,” and completely by the 
glycoside (Solanum tuberosum, Lilium lanci- “ dclphimdm reagent.” The former is a mixture 
folium rubrum, Gesnera zebrina discolor, Ilex of cyc/ohexanol (1 vol.) and toluene (6 vols.), the 
sheperdii. Antirrhinum magus, Cotoneaster sim- latter a 5% solution of picric acid in a mixture 
monde, Scabiosa,andL Cydonia gapomca). The 3- of amyl ethyl other (1 vol ) and anisolo (4 vols.). 
monoside typo occurs in Verbena, Dianthus Heating to 220° with concentrated aqueous 
barbata. Lychnis chalcedomca, and Papaver potassium hydroxide hydrolyses pelargomdin 
orientate bracteatum, Acylated saccharides of chloride to phloroglucmol and p -hydroxy benzoic 
pelargomdin are present in the scarlet salvia and acid, w ith a small amount of protocatechuic acid 
Monarda didyma (see Monardsein), Ilyacinthus (Willstattcr and Bolton, Annalen, 1916, 408, 
and Impatiens holstii (See G M. and R Robin- 42). The structuie (111) for the chloride, which 
son, Biochem J. 1931, 25, 1693, 1932, 26, 1047, was pioposcd by these authors, was confirmed 
1934, 28, 1712). by a synthesis (Willst/ttter and Zcchmeistcr, 

Pelargomdin chloride forms a monohydrate, Sitzungsbcr. Preuss Akad. Wiss. Berlm, 1914, 
CigHnOgC^HgO, which crystallises fiom hot 886, Wdlstatter, Zechmcister, and Kindler, Ber. 
2% hydrochloric acid in short, red- brown, 1924, 57 [B], 1938) m which the tnmethoxy- 
rectangular prisms, and from the ddute acid on coumann (1) was condensed with p-methoxy- 
adding an equal volume of concentrated acid in phonylmagnesium bromide to form a salt (II), 
swallow-tail, twinned crystals, which are yellow- which was then demcthylated to pelargomdin 
brown by transmitted light. The anhydrous chloride (III). 



HO MeO 

HI. II. 


The same salt has also been prepared by con- J.C S 1924, 125, 197), and again by the same 
densmg 2.4-dimethoxy-6-hydroxybenzaJdehyde authors (ibid. 1926, 127, 1182) using acetylated 
with a)-4-dimethoxyacotophenone, and de- phloroglucinaldehyde in place of the dimethyl 
methylating the product (Pratt and Robmson, ether. A further synthesis with additional 
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practical merit consists in combining 2-0- 
benzoylphloroglucinaldehydo with ta - 4 - di - 
hydro xyacctophenone, hydtolysiiig the inter- 
mediate aLylated fiavylium salt by means of 
alkali, and reconstituting the salt by further 
treatment with acid (Robertson, Robinson, and 
Sugiura, ibid 1928, 1533). 

Felargomdin ip-base, CigHigOg, crystallises 
from water in the form of colourless, four-sided 
pnsms, which redden on heating and gradually 
form a dark violet oil. It is formed when the 
chloride is heated with water, preferably with the 
addition of a small amount of sodium bicar- 
bonate It 18 insoluble in benzene, easily 
soluble in cold water, and very easily in ahohol 
and ether. It dissolves in aqueous sodium 
carbonate with a yellow colour. Addition of 
hydrochloric acid to an aqueous solution causes 
the regeneration of the chloride 

\V B 

PELARGONIN IS the anthoeyanm colour- 
ing matter of the scarlet gcianium (Pelargonium 
zonale). Willstatter and Jlolton (Annalcn, 1915, 
408, 42) e\ti acted the dried petals with glacial 
acetic acid and prcdpitated the crude antho- 
eyanm m the foim of a led solid by adding 
alcoholic hydrogen chloride and then ether A 
purer product could be obtained by extracting 
the petals with alcohol and adding the alcoholic 
acid and then ether to the filtered solution. The 
salt was purified by dissolving it in hot 2% 
methyl-alcoliolic and, filteiing, and adding a 
({uaitei or a fifth of the volume of 10% aqueous 
hydrochloiic acid. Pelargonin chloiide ciystal- 
lises in the foim of fine, veiy slender, scarlet-red 
needles of the tctrahjdrate, C 27 HgiOi 5 CI, 4 H 2 O 
(dried in air), wdiich when lubbed acquire a 
green metallic lustic The anhydious chloiide, 
^ 27 *^ 31 ^ 16 ^^ results when the liydrate is 
exposed in a desiccator, it is darker in colour 
than the hydrate and is very hygioscopic It 
sinters at 175"", and molts with decomposition at 
180^ Kaner and Widncr (Helv Chim. Acta, 
1929, 12, 292) give m.p. 184°, and [a]^ —230° 
J:20° and -241° J, 20°. 

Pelargonin chloride is fanly soluble in cold 
water, forming an orange-coloured solution. 
Hydrolysis occurs readily, the colour changing 
to violet and then fading (foiniation of the 
pseudo-base) It is faiily soluble m cold methyl 
alcohol, nioie leadily on warming, forming 
yellowish-rcd solutions which show a grecnish- 
yellow' fluoicscence This propcity is character- 
istic of the anthoc^'anin Even m 1-2% hydro- 
chloiic acid the chloiide is spaiingly soluble, 
m 5% acid it dissolves very spaiingly The 
solutions are orange-red in coloiii The solu- 
bility in 7% sulphuiic acid is very slight , fiom 
a waim solution the sulphate crystallises on 
cooling. The nitiaie and oialak\ also, are 
sparingly soluble 

Feme chloiide gives no well-defined reaction 
with the chloride, the colour of a solution is 
, merely tendered inoie reddish-brown There is 
no reaction with alum Sodium carbonate 
changes the colour of an aqueous solution to 
violet, which changes slowly through greemsh- 
red to yellow. The reaction with sodium 
hydroxide is similar but the colour changes 
occur more rapidly Sodium acetate, lead 


acetate or calcium carbonate cause the separa- 
tion of the violet colour-base In alcohol the 
reactions are somewhat different ; a drop of 
sodium hydroxide or potassium acetate solution 
gives a blue colour, which immediately changes 
to violet on the addition of water. Fehling’s 
solution, even when warm, is only slightly 
reduc ed by the chloride 
Basic pelaigonin chloride, 

(^ 27 ^ 31 ^ 15 ^ 02 »^ 27 ^ 30 ^ 15 * 

IS formed when the normal chloride is boiled 
for a few minutes in alcoholic solution. A por- 
tion of the salt remains undissolved in the form 
of violet flocks, while from the cooled solution 
there crystallise small, dark-violet needles of the 
dihydrate of the basic chloride 
The colour-base is precipitated m the form of 
violet flocks, C 27 H 30 O 15 , when sodium acetate 
is added to a weakly acid solution of the chloiide 
It is difhcultly soluble m w^atcr , in solution it is 
transformed into the colourless pseudo-base. 

H 3 ^drolyscd by heating for a few minutes with 
20 % hydiochloiic acid pelargonin yields pclar- 
gonidin chloride (1 mol ) and glucose (2 mol ) 
it. Robinson deduced that the anthoeyanm is 
pelaigonidm-3 5-diglucoside, and this constitu- 
tion has been ( onfirmcd by a synthesis (Robinson 
and Todd, J C S 1932, 2488) 2 -O-Monoacctyl- 
j 8 -glueosidylphloroglucinaldehyde (I) was con- 
densed with aj-0-tetra-acctyl-j9-glucosidoxy-4- 
acctoxyacetophenone ( 11 ), and the intermediate 
aeylated fiavylium salt was deacctylated to give 
pelaigonin chloride (III). 
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PELLETIERINE, Used medicinally, the 
teim “ Pelletieiine ” means a mixtuie of 
alkaloids of pomegranate (q.v.) but chemically 
the term should bo restricted to the pure alkaloid 
lust mentioned by Tanret. Pelletienne and 
other alkaloids of pomegranate have been 
studied also by Ciamician and Silber (Ber 1892, 
25, 1601 ; ibid. 1893, 26, 156, 2738, 1894, 27, 
2850) ; Piccmi (Gazzetta, 1899, 1 , 29, 408 ; 11 , 
29, 3H) and by Willstatter and Voraguth (Ber. 
1905, M, 1984). Accordmg to Hess (ibid. 1917, 
50, 368, 1919, 52, 964, 1000, 1622; Hess and 
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Eirhel, ibid., pp. 380, 1192, 1386; 1918, 51, 
741) no optically active alkaloid occurs in the 
bark, but Farret reaffirms (Compt rend. 1920, 
170, 1118) pelletierine and methyl pelletierine 
to bo active, the former [a]^ -31 P, the latter 
r«ln +27*7°, both being easily racemised. tso- 
Pelletierine and ^^omethylpolletionno are the 
corresponding racemic compounds. Pelletierine 
has been synthesised by Wibaut and Beets (Rec. 
trav. chim 1940, 59, 653) by the following pro- 

cess j3-picoline —‘^4' > jS-picolyl-hthium 

;8-(2-pyndyl)-propionaldehydo acetal, 
which was isolated as the mercuric chloride 
addition complex The synthesis is completed 
by reduction of the pyridine ring by hydro- 
gimation, using platinum in glacial acetic acid 
(Wibaut and Beets, ibid, 1941, 60, 905 , see aho 
Spielman, Swadesh, and Mortenson, J. Org 
Ciiem. 1941, 6, 780). The pelletierine acetal 
was identical with the acetal obtained from the 
natural product Beets (Chem. Weekblad. 1942, 
39, 187, Chem Zentr. 1942, tt, 778) further 
studied the reactions of lithium picolyl with acid 
ostcis and anhydiides, wuth acetic anhydride 
dohydroi5opelletiorine is formed Beets also 
suggests that pelletierine is better represented 
as a dicyclic stiucturo lelatcd to 0-coniceinc, but 
the eviclento is not conclusive 

Pelletierine, CgHjgNO, is a colouiless liquid 
boiling at 195°o with decomposition (106°/2l 
mm ) , p 0 988 ; soluble in 23 parts of w atei at 
15°c. giving a strongly alkaline solution It 
foims an oxime and a hydra/one, icduction of 
the latter with sodium and alcohol forms coniine, 
fall) —31 1®. The hydrochloride, m p 143-144®, 
IS not hygroscopic, the hydtobromidc melts at 
140°c 

1 ^ 0 Pelletierine, the racemate of pelletieiino, has 
been resolved by Hess and Eichcl through the 
taitrate 

i/j-Pelletierine, CgHj 50 N, 2 H 20 , is related to 
the solanaceous alkaloids and has been syrit hosiscd 
by Menzies and Robinson (J C S 1924, 125, 
2163) from c<ilcium acetoncdicarbowlate, glutai- 
dialdehyde and methylaminc Tanret (J. 
Pharm. Chira. 1928, [viii], 8, 112) has defined the 
optimum conditions for the preparation of pure 
0 -pelletierine salts and the analysis of com- 
mercial samples. 

0-Pellotiermo is the only solid alkaloid of 
pomegranate and has ra p. 53-54®c7 , b p 14()°/20 
mm , 246/760 mm 

The structures of the pomegranate alkaloids 
given below show their close lelationship to one 
another and to coniinc and coniccinc. 
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PELTOGYNIDIN i^ a distinct antho- 
cyanidin wlindi is obtained by the action of hot 
aqueous h3/drochloric acid on the “ loucoantho- 
cyanin,” pcltogynol (7 v ) (G M and R Robin- 
son, Biochem J 1933, 27, 210), isolated from 
the hcartw'ood of Peltogyne pubescens and P 
porphyrocaidia It forms oxonium salts which 
dissolve in water wuth a cyanidin-like bluish-red 
colour, chaiacteriscd by unusual brightness. 

Its aqueous solution gives a pure blue colour 
with sodium carbonate, and its solution in amyl 
alcohol a red-violet wdiich is rodder than the 
corresponding coloration with cyanidin. In its 
stability tow aids oxidation by means of aqueous 
feme tliloridt' it resembles cyanidin Its solu- 
tion in coiu'cntiatcd sulphuric acid show's a 
green iluoiescence as does that of fisetinulin (I), 
but th(* colour of the solution is pink , in this 
peltogynidin diffeis from (1) and resembles 
cyanidin. Its distribution from an aqueous 
acid solution to the delphinidm reagent (a 5% 
solution of jiiciic acid in a mixture of amyl ethyl 
ether, 1 vol , and aiiisole, 4 \ols ) is very high 
(ll)O), whilst to Iho cyanidin reagent (a mixture 
of ryr/ohexanol 1 vol , and toluene, 5 vols ) the 
disti ibution is low (<5). Etliyl acetate extracts 
it from a solution containing salt. In these 
piopertics peltogynidin closely resembles 5-0- 
methykyanidiri (IT) The only other stiuctuial 
type to which peltogynidin might belong is that 
of a 7-O-substituted cyanulin (111) Pelto- 
gymdm is not completely extracted from 1% 
hydrochloiic acid by means of amyl alcohol 
(difieiencc fiom II), and it may bo le-extraeted 
fiom the alcohol by rcjicattal washing with 1% 
acid. Possibly one or more hydroxyl groups are 
present m the O -substituent The most 
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characteristic reaction of peltogynidin is the 
cliange of colour of an alcoholic solution through 
blue to bnght red with sodium hydroxide. No 
other anthocyanidin exhibits this property. 

W. B 

PELTOGYNOL. The hcartwood oi PeUo- 
gym porphjrocardia, P. pubescens, and Copaifera 
pubiflora is light brown in colour when freshly 
cut, and deep purphsh-red after exposure to 
light and air. The colouring principle, pclto- 
gynol, 18 extracted by water from the fresh saw- 
clust, isolated in the form of a light mauve 
powder by adding sodium ehloride and bicar- 
bonate, extracting by means of ethyl acetate 
and precipitatmg from the extract by adding 
light petroleum. Pcltogynol, crystal- 

lises from ethyl acetate in colourless, elongated, 
fiat prisms, which on heating become pink at 
200° and darker red at about 240° with gradual 
softening and dc'comiiosition It is sparingly 
soluble in cold water and fairly readily in hot, 
very sparingly soluble in ether, benzene, and 
chloroform, readily in acetone and ficely in the 
simple alcohols. The crystals whidi sc'paratc 
from ethyl acetate become syrupy in contact 
with water, but recrystallisation occurs in a new 
form. Ferric chloride added to an aqueous or 
alcoholic solution gives a bright green colour 
Pure peltogynol, [a]^^ 4 273° (t 0 0 in ethyl 
acetate), is stable in light and air 

Peltogynol readily gives a ictra-cuotyl deiiva- 
tivo, whuh crystallises from benzene— alcohol 
in colourless, Hat rectangular, prismatic needles, 
or in hair-fine needles, mp 173°, [a|^^ 4 125° 
(c=0 4 in chloroform) This deiivative shows 
quite different properties from peltogynol, for, 
whereas the latter readily forms the antho- 
cyanidin, peltogynidin, with hydro( hloiic acid, 
the acetyl derivative cannot bo converted 
directly into this salt even when it is treated 
with bromine in dioxan Alcoholic acid causes 
gradual hydrolysis and subsequent formation of 
the anthocyanidin. The O-teirabenzoyl deriva- 
tive forms colourless plates from acetic acid, 
m.p. 244°. The O-tetra-anisoyl derivative has 
m p. 218° (docomp ) 

A tn~ and a ietra-welhyl ether of peltogynol 
have been prepared by direct methylation wuth 
methyl sulphate and sodium hydroxide. The 
trimethyl ether is also foimcd when the tetra- 
methyl ether is hydrolysed by moans of a cold 
solution of hydrogen chloride in dilute acetic 
acid 

Peltogynol tetramothyl ether forms colourless, 
glistening, long rectangular plates, m p. 175°, 
Wd +204° (c— 0 73 m chloroform). It is 
moderately soluble in most organic solvents. 
Hot aqueous or cold alcoholic hydrochloric 
acid, or bromine in dioxan, convert it into a 
trimethylpeltogynidm salt possessing a brilliant 
green fluorescence, and which doubtless contains 
the ring system of (I). 

Peltogynol trimethyl ether forms long, flat, 
colourless noodles or plates from ethyl acetate, 
m p. 198°, Io]d +254° (c==0 23(5 in chloroform). 
It IS sparingly soluble in cold benzene (difference 
from the totramcthvl ether) It gives the same 
trimethylpeltogynidm salt as the tctramethyl 


ether It is insoluble in aqueous alkalis and 
gives no feme chlonde reaction in alcohoho 
solution, evidence that the fourth methyl group 
of the tetramethyl ether must be present in a 
semi-acetal structure of the methylglu coside 
typo The tctramethylether does not contain a 
carbonyl group (absence of a reaction with a 
Gngnard reagent). 

Peltogynol itself affords a 2 A-dinitrophenyl- 
hydrazoncj an orange, microcrystalline powder 
consisting of dense aggregates of needles, which 
darkens at 190°, becomes chocolate-brown at 
220°, and explodes at 224°. The charactenstic 
crimson peltogynidin chlonde is foimed w+en 
the hydiazono is boiled with concentrated 
hydrochlonc acid. 

Oxidation of peltogynol by means of nitric 
acid affords atyphme acid. The trimethyl ether 
with potassium permanganate yields O-fn- 
melhylpcUogymc acid^ Ci 9 ^i 8 ^ 7 » considered to 
be a mixture of the two tautomeric forms (II) 
and (III), and m-hemipmic acid. 

The above-mentioned facts and the alkali 
colour-reactions of peltogynidin salts strongly 
support the constitution (I) for peltogynol, 
wdiich, moreover, IS compatable with the evidence 
of A"-iay measurements It is a plausible sug- 
gestion that m the leucoanthocyanins the 
hydroxyl grouj) indicated by an asterisk is 
etherified by a sugar unit (G. M and R. Robin- 
son, J C S 1935,744) 
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PENICILLIN. 

History, 

In 1929 Fleming (Brit. J exp. Path. 1929, 10, 
226) observ^cd that an agar plate culture of 
staphylococci showed lysis of the bacteria 
around an air- borne mould accidentally con- 
tammating the culture. The contammant was 
siibsefpicntly identified as PeniciUium notatum 
Westlmg. The mould was sub-culturcd in 
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peptone broth and the filtered medium, even 
when diluted 800 times, was found to inhibit the 
growth of certain bacteria. The name “ peni- 
cillm ” was used by Fleming for the filtered hquid 
which was found to have a particularly strong 
antibacterial action on pyogenic cocci, although 
harmless to leucocytes and not moie toxic than 
the origmal broth to experimental animals. A 
few preliminary experiments in which the 
medium was used as a wound dressing sug- 
gested that it might bo of clinical value as an 
antiseptic but the only immediate practical 
outcome of this work was Fleming’s use of 
“ penicillin ” m bacteriological work as an aid 
to the isolation of pcnicillm-inscnsitivc organisms. 

•Some three years later Clutterbuck, Lovell, 
and Raistrick (Biochem. J. 1932, 26, 1907) 
published the lesults of attempts to concentrate 
or isolate the active substance in Fleming’s liquid 
“ penicillin ” Valuable advances weie made 
towards the development of satisfactory extrac- 
tion procedures, particularly as applied to 
synthetic culture media containing only in- 
organic salts and dextrose Medical interest 
could not be secured, perhaps because the sul- 
phonamide group of drugs was then becoming 
prominent, and eight years elapsed before 
previous work was brought to full fiuition by a 
team which included workers m clinical medicine 
as well as those m ancillary fields 1’hia team, 
working under Professor Florey at Oxford, 
published its fiist report in the Sumniei of 1940 
(Chain, Florey, Gardner, Heatley, Jennings, Orr- 
Ewing, and Sandcis, Lancet, 1940, 2, 177) A 
rclatiyely rapid assay process, deyeloped by 
Heatley (v infra), had enabled them to ascer- 
tain the conditions under which the actiyo sub- 
stance could be extracted and preseryed for 
appreciable periods The antibacterial activity 
of their final product against staphylococci was 
of the same order as that of previously known 
antiseptics It was therefore thought that the 
product they had tested on experimental 
animals was nearly pure although, m fact, it 
contained only about 1% of puie penicillin 
This first paper of the Oxford workers reported 
exceedingly successful results in experimental 
infections due to streptococci, staphylococci, 
and Clostridium septique, a factor of the greatest 
importance being the complete absence of 
toxicity. The quantity of penicillin required 
v as minute on the basis of weight. Novel thcless 
the low titres of the culture medium and the 
difficulties of extraction necessitated several 
months of work before sufficient had accumu- 
lated for the treatment of the first human case 
(Abraham, Chain, Fletcher, Florey, Gardner, 
Heatley, and Jennings, ibid 1941, 2, 177). The 
product was not entirely free from toxicity, 
nevertheless the patient’s response was dramatic, 
but unfortunately the amount of penicillin 
available was too small to complete the cure. 
It was soon found that the impurities responsible 
for the reaction produc ed in the first human case 
to be given penicillin parenterally could be 
removed by chromatography. In addition, 
larger supplies of the drug became available 
when a firm of manufacturmg chemists having 
experience in the fermentation field provided the 
Oxford workers with the culture medium from 


which they could extract the penicillin. Suffi- 
cient to show its value in a variety of septic in- 
fections was thus made available and the need 
for large-scale commercial manufacture became 
acute. War conditions in Great Britain made it 
difficult, in the absence of active governmental 
assistance, for manufacturers to enter a new 
field on the scale necessary to produce a signifi- 
cant amount of the now drug Florey and 
Heatley therefore visited U.S.A. with a view to 
stimulating American interest, and, with the 
encouragement of the Committee on Medical 
Research of the Office of SLicntifie Research and 
Dovolopmont, five American manufacturing 
chemists began the commercial dovolopmont of 
penicillin on the basis of the information given 
thorn. Investigations were also begun by the 
workers in the Fermentation Division of the 
Northern Regional Research Laboratory of 
the U S Department of Agriculture 

Meanwhile various Biitish manufacturers co- 
operated in joint investigations, with such 
hmited resources as could bo spared from more 
immediate wartime demands. Reports of clinical 
trials from America and the use of American 
material by the British Services led to recogni- 
tion by the Biitish govoinment that manu- 
facture in the United Kingdom was highly 
desirable, and thereafter manufacturers received 
full official support. The first British penicillin 
factory was opened in February, li) 13, to operate 
the surface culture process (v infra), 

Man u FACT UK 1C 

The commorcial pioccss for the manufacture 
of penicillin is a relatively simple one In brief, 
a strain of a mould of the Penicillium notatum- 
chrysogenum series is grown in pure culture on 
or in a nutrient medium, and when maximum 
growth has been obtained the medium is 
separated fiom the mould, which is then dis- 
carded from the process A substantial part of 
the penu illm pioduced during the growth of the 
mould IS contained m the medium, from which 
it IS then extracted, ])uiifiod, and concentrated. 
The concentrate, containing varying proportions 
of penicillin «ind impurities derived from the 
medium, may then bo froezo-dried to produce a 
reasonably stable solid ready for use or, in more 
advanced jirocesses, crystalline penicillin may be 
obtained by repeated crystallisations from the 
purified concentrate. The process is divided 
into three readily separable phases 

1. Fermentation, or growth of the mould , 

2 Extraction and concentration, or the 

recovery of penicillin from the medium ; 

3 Freeze-drymg of, or crystallisation from, 

the concentrate. 

In addition, a fourth major activity comprises 
the biological control of the product, which is 
effected at all stages of its manufacture. 

Fermentation. 

It IS now clear that a number of moulds, 
genoially referred to as of the Penicillium 
notatum-chrysogenum series, together with other 
distinct penicillia, produce penicillin during 
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their growth procosHes The iinportancc of the 
strain employed in the fermentation cannot be 
ovcr-eniphasised, for it determines the order of 
yield of penicillin as well as the variety of 
jienieillin produced Initially, the original Flem- 
ing strain was employed but it was soon dis- 
placed by a high-yiclding derivative designated 
NRKL 1249 B21 The use of this strain in sur- 
face culture technicpies became nearly universal 
but, with a change to the submerged culture pro- 
cediiro, a new strain adapted to this technique 
came into common use This is known as NRRL 
832 and, as wuth the former surface culture strain, 
was issued from the cultuie collection of the 
Northern Regional Rc‘search Laboratory, Peoria, 
Illinois With the extension of the submerged 
culture technique, a large number of difterent 
strains were isolated and reported as licung of 
c'onimercial \alue, some of them were chosen 
for the production of specific penic*illins lathei 
than for considcTations of increased geneial yield 
of penicillin. The next major advance in strain 
selection occurred with the demonstration that 
it Wcas jiossiblc to derive stiains, by exposuic to 
uV-iay and ultra-violet irradiation, which were 
substantially different in point of yield from the 
strains isolated fiom naturally oc*curiing moulds 
The pniKijial strains in this connection weie the 
Dcmeicc N1612 and the Wisconsin Q17(), the 
lattei, which is a selection fioni ultra- v lolet- 
irradiatecl spores of P chysagcnuniy is so far the 
highest-yielding strain With the devedopment 
of these high-yielding strains especial attention 
must be given to the prc'seivation of their 
original charac teiistic s by rcMlucing to a inmi- 
muin the numbei of “ gcneiations ” laised from 
spores It has been found that (‘on tinned sub- 
(ultivation thiough spoies results m a sub- 
stantial chop in the pc'nicillin yield obtained — a 
])henomenon referred to as “jienicilbn i un- 
down ” — and vegc'tative transfeis are recom- 
mended 

Membeis of the genus Pemcilhum aie exceed- 
ingly widespread in nature, being remarkably 
])C)lyphagous and strongly aerobic The peni- 
cilhn-pioducing moulds grow' readily as aerobes 
on eonimon nutrumt meclia, either solid oi li<|uid, 
but, for the convenience of the subsequent 
extraction of penicillin, liquid media aie pre- 
ferred Many cliff eieiit formuLe for liquid 
media have been desciibed, some of them 
adaptations of c’onventional bac-toriological sub- 
strates and simple synthetic media formeily 
employed in metabolic studies 

A major inqirovement m medium develop- 
ment occinied with the discovery attiibuted to 
Moyer that the addition of corn steep liquor to 
the medium increased the yield of penicillin five- 
fold (B.r. Application no. 131)7 of 1945 claiming 
the Convention date, 8th April, 1944, hui sec 
Foster and McDaniel’s application no 9297 of 
1944 claiming 15th May, 1943) Corn steep 
liquor IS primarily an extiact of maize solubles 
under acid conditions and has come to occupy 
an essential plate m the manufacture of peni- 
cillin because of its availability and puce, but 
extratts of many other vegetable products have 
been used, a veiy effective one being obtainetl 
from peas. Ajiait fiom the high contribution of 
protein and ammo acids by com steep liquor or 


pea extract, a substantial addition of carbo- 
hydrate 18 necessary. Glucose, sucrose, and 
lactose have all been employed, but lactose, by 
virtue of its stabilising effect upon the yield of 
penicillin, is most frequently used The addition 
in various concentrations of inorganic salts to 
the medium has been recommended but, with 
the use of a crude extract such as com steep 
liquor, these requirements are now of less im- 
portance, with the possible exception of nitrate 
The regulation of the iiH of the medium is of 
fust importance, and a range fiom 5 5 at the 
beginning of fermentation to 7 5 at the end is 
recommended for maximum production. 

The discovery oiiginating from the Northern 
Regional Research Laboratory that the addition 
of small cjuantities of phcnvlacctic acid to tho 
medium stimulated penicillin yields has been 
followed by trials of a senes of related aronititic 
< ompounds Later but independent British 
work (Lester 8niith, J8C1 1946, 65, 308) 
show'cd that similar results followi'd the use of a 
number of compounds carrying the benzyl group, 
notably phenylacetamido and j9-ph(*nylothyl- 
amine Generally, amide derivatives h«ive bc(‘n 
as satisfactory as the corrcsjronding acids and a 
number of compounds of this typo are referred 
to m B P Applications nos 20987, 21830, 22087, 
22144 of 194(3 The use for the same purpose of 
phcnylacetyl hydioly sates of various proteins is 
desciibed in Application no 20799 of 1946 
The growth of the mould proceeds satisfactorily 
at temperatures from 20® to 27'’c but highest 
yields of penicillin are obtained in surface cul- 
ture at 24*^0. Elaborate air-conditionmg systems 
have been needed m surface culture plants to 
maintain this temperature throughout tho 
duration of incubation despite the tonsiderablo 
amount of heat evolved during fermentation 

Surface Culture. 

It was natural that the commercial production 
of penicillin should, in tho first instance, follow 
closely the laboratory technique This original 
method — now icferred to as “ surface culture ” 
— consisted of sowung the mould spores of a 
suitable penicillin-producing strain upon the 
surface of a shallow layer of medium held in a 
( losed flask. Since penicillin is readily destroyed 
by enzymes — refcired to as “ penicillinase ” — 
produced by many common bacteria, the para- 
mount requirement is that of maintaining a pure 
culture. To this end the flask with its content 
ot medium is closed wuth a plug of cotton or glass- 
wool permitting gas exchange w^hile preventing 
the ingress of micro-organisms ; tho w hole is then 
sterilised by autoclaving A sterile transfer of 
mould spores is made to the sui face of the liquid 
medium and tho (’ulturo incubated for €a period 
of 7-14 days After 2 days tho surface of tho 
medium is covered with a thin white growth 
which thickens rapidly to form in 3-4 days a 
tough wdiite felt. Thereafter sporulation takes 
place, the upper surface of the white felt turning 
bluish-green and the under-sidc becoming pallid 
or y^cllowish Droplets of a solution of tlio 
} ellowish pigment chrysogenm frequently appear 
on the surface of the felt and eontain appreciable 
quantities of peiucillm. When the surface of the 
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felt becomes a dull sinoky-grcy colour the culture 
has attained uts maximum growth and usually 
exhibits the gre.itest peiiRillm titre On oc- 
casion the felt may remain white for longer than 
IS usual, this effect being due principally to 
restricted aeration resulting from the cotton- 
wool plug becoming wet or to an abnormally 
high incubation temperature. 

In this sui face-culture tochnupie a large 
variety of glass containeis have been employed, 
ranging from the conventional milk bottle to 
flasks especially designed for ease of stacking 
Shallow depths of medium not exceeding 2 cm 
have yielded in commc'icial piaetice as much as 
300 1 u per ml of penicillin, but con'^iderations 
of yield per flask per day frequently influenced 
the /leptli of medium eommercially employed 
The surfacc-eultuie technicpie was not eonfincd 
to glass bottles IManufactureis have employed 
huge metal trays held m stenle ( abinets oi rooms 
hut, on the whole, this method has presented 


more difficulties than the simple flaek, par- 
ticularly in obtaining an adequate covering of 
the surface of the medium with mycelium and 
also m maintaining sterility. The moliision of 
cork and other material has been suggested 
among a variety of ways of ensuiing the flota- 
tion of the spores and consequent uniform 
covering 

Attempts have been made commercially to 
modify the tray method of growing the mould to 
a semi-contmuous process whereby the medium 
held in the trays is continuously removed and 
replaced by fresh nutrients. A further modifi- 
cation adopted for semi-eontinuous operation 
consisted of growing the mould on liquid medium 
held in long horizontal pipes ; once the felt has 
been established, fresh medium is introduced at 
one end of the pipe and spent nutrient containing 
peiiicillm withdrawn from the other. In this 
senii-contmuous method, as m the previous one, 
it IS necessaiv to maintain a sterile air supply 
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within tlie ])ipc or tin* chamber and this has 
been a source of recurrent difficulty fiom in- 
fections. A fuithcr hi*im-continuous method, 
not dejK'iidcnt on the flotation of the mould on 
a liquid iiutiierit, has been attempted using 
adaptations of the “ quick ” vmegai process, but 
in all such systems the hazard of infection has 
])re\ented their practical exploitation The 
ability of the mould to develop satisfactorily 
and produce penicillin on a solid substrate has 
been used to grow P notatum on moist bran held 
m shallow tiays or in a slowly-rotating drum 
Serious difficulties w ere encountered in sterilisa- 
tion of the bran, largely because of its poor heat 
conductivity , difficulties were also encountered 
in the extraction of the penicillin after comple- 
tion of fermentation In such a process very 
largo amounts of heat uie evolved during the 
fermentation and make it exceedingly difficult 
to maintain the optimum temperature of in- 
cubation, ^ e , 24°C. 


Submerged Culture. 

The surface-culture tccffiniquo with flasks 
attained considerable commercial importance in 
the eaily stages of pemcillm production. It was 
apparent, however, that advantages must accrue 
if the mould w as grown submerged m the culture 
medium rather than as a surface mat relying 
upon supply of nutrients by diffusion from the 
liquor below. This change from surface to sub- 
merged culture IS essentially only a change in the 
manner of aeration The mould in surface cul- 
ture is dependent for its supply of oxygen upon 
the passage of air through the microbial filter 
represented by the cotton -wool plug of the flask 
or bottle, while in submerged culture mechanical 
aeration ensures an adequate distribution of 
stciile air through the body of the medium. 

'Fhe submerged culture technique necessitated 
major developments in chemical engmeenng 
In the early stages many difficulties were en- 
countered, but the technique has now become so 
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cstablishiid that surface (‘ulture is wholly 
superseded. 

In wartime England the development of sub- 
merged culture was restricted, but it was en- 
thusiastically taken up in the U.S.A. The effect 
of its introduction m 1944, together with the 
deiivation of new high -yield mg strains of the 
mould, is shown in the penicillin production 
figures of that country m the following years 

1943 21,000 million units 

1944 1,633,000 

1945 7,052,000 

1946 . . . 25,000,000 „ (estimated) 

The advantages of the submerged method over 
the surface culture technique are apparent from 
a comparison of the unit culture. In the surfac o 
culture method the unit is a glass containci 
holding about 200 ml of medium and Tcquiting 
incubation for 7-14 days while, w'lth the sub- 
merged process, the unit container is a huge vat 


often of 10,000 gallons capacity and the m- 
cubation penod is 2-3 days. With the change 
m the manner of cultivation of the mould from 
the surface mat to the submerged filaments, a 
substantial reduction m the concentration of the 
mam nutiients followed, thus introducing an 
important economy and facilitating subsequent 
purification. It was early discovered that tho 
surface culture strains were unsuitable for use 
with the new process but strains suited to tho 
changed technique were soon mtroduced 
Whereas the highest-yielding surface strains gave 
titres of 200-300 i u per ml the now submeiged 
“trains very quickly exceeded this figure and, with 
tho use of Q176 strain, penicillin yields of as much 
as 800-1,000 1 u. per ml have been reported. 

The prmcipal problem in submerged culture, 
apart from tho suitability of the strains for this 
type of cultivation and tho formulation of 1h(‘ 
medium, is the mechanical piobicm of sup])lying 
the giant fermentation \ats with large \olumc.s 


SUBMERGED CULTURE UNIT 
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of steiilo air. yteiility is essential since if 
pcnicillmasc-producmg organisms {see below) 
gam access tho conditions in tho vat are 
favourable to their growth and the penicillm is 
destroyed as rapidly as it is produced. The 
distribution of the sterile air w'lthin the vat may 
be achieved by systems comparable with tho{^e 
employed m commercial yeast manufacture and 
sometimes by employing additional mechanical 
agitation of the liquid medium to bring about tho 
bettor admixture of the air with tho medium 
With tho change m the size of the unit con- 
tainer from a flask to a submerged cultuie vat, 
tho same sciupulous attention must bo paid to 
tho pure culture status. Clearly, with tho in- 
cTcase in size and i eduction in number of fer- 
mentation units, the Icjss from a casual infection 
is enormously increased. However, the* vavSt 
increase in penicillin production which has 
followed tho adoption of tho submerged culture 
techniquo is sufficient indication that any losses 


due to infection are moie than offset by the in- 
crease in throughput. 

Tho mycelium as produced by submerged cul- 
ture appears as fine threads suspended in the 
liquid medium, m contrast to the mat of 
mycelium produced in surface culture. The 
grow th of these fine threads (or hyphai) may be 
so prolific as to give tho liquid medium a thick 
porridge -like consistency. Tho method of sepa- 
rating tho mould from tho liquid medium con- 
taining the penicillin which, with the surface 
technique, was a simple matter of decantmg tho 
medium from below the tough substantial mat, 
has been replaced by mechanical methods of 
separation employing filter presses or vacuum 
lotary filters 

Extraction 

Nearly all the extraction methods proposed 
or in use depend on two properties discovered 
very early in tho hi&tory of pontcUlm, namely, 
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the solubility of free peniciUm acid in certain 
organic solvents and the adsorption of sodium 
penicillin on activated charcoal. Raistnck’s team 
(Clutterbuck et al.^ lx.) showed that penicillin 
could be extracted from an acidified metabolism 
solution with etlier but found that mactivation 
occurred on attcmptmg to remove the ether 
It was not until 1938 that Florey and fellow- 
workers found it possible to recover the activity 
in aqueous solution by shaking the ethereal 
layer with dilute alkali, and this fundamental 
property has been utilised in one stage or another 
of every commercial process. 

Initially, extraction methods were based upon 
the adsoiption of penicillin by activated charcoal 
and its subsequent elution with aqueous acetone, 
alcohol, ether or ethyl acetate With the early 
synthetic media it was found possible to adsorb 
the activity on 0 5% w/v of charcoal and to 
recover it completely by elution with one- 
twentieth volume of 20% acetone. On the 
introduction to the medium of corn steep liquor, 
however, the amount of charcoal had to be m- 
ereased to at least 1*5% w/v and the cluate 
volume to 40% of the medium volume, this 
increase was due to the impurities present in the 
coin steep liquor and not a result of the increased 
penicilhn content of the medium While it was 
not possible to obtain a more active adsorbent, 
several more active eluents were found, notably 
saturated aqueous solutions of 7i-butanol, ethyl 
acetoacetate, and benzyl alcohol. The methods 
of employing charcoal varied from simple admix- 
tuio by stirring to the use of “ Metafilters ” with 
a chromatographic technique Thereafter, sol- 
\cnt extraction by one or more partitions into 
and out of chloroform resulted m a product with 
a potency of 500-1,000 i u per mg 

While the above process 'v^as satisfactory for 
the small surface culture plants, for the larger 
submerged culture plants a return was made to 
the direct solvent-extraction of penicillin from 
acidified metabolism-solution. In this process 
the clear medium is stirred with a suitable sol- 
vent together with sufficient phosphoric ac id to 
1 educe the pH to 2 0 and the mixture allowed to 
separate cither by giavity or iii centrifugal 
separators. Much trouble is caused in this step 
by a slight precipitate of protein which stabilises 
the emulsion and makes separation difficult, 
even m a centrifuge. The addition of surface- 
active agents to the mixture greatly improves 
the separation by preventmg the formation of 
the protem precipitate; suitable agents are 
mentioned in B.P. Apphcation nos. 6325 and 
19546 of 1945. The solvent layer is next ex- 
tracted with dilute sodium bicarbonate solution 
or with a sbghtly alkaline phosphate buffer 
solution, thus givmg an aqueous solution of 
penicillin at a concentration 20-50 times that 
of the harvested medium. This partition into 
and out of a solvent is repeated to give further 
concentration and purification ; although amyl 
acetate is occasionally used for the second parti- 
tion, a solvent of a different type is more usual. 
The combined effect of all these operations is to 
yield an aqueous solution of pemciUm which is 
100-1,000 times the medium concentration and 
IS frequently of a potency greater than 1,400 i.u. 
per mg. of total dissolved sohds. 


Freeze-drying. 

The decomposition of ponicillm salts m solu- 
tion 18 markedly accelerated by a rise in tempera- 
ture (see below), and accordingly the drying of the 
penicillin concentrate from the extraction pro- 
cess must be earned through at low tempera- 
tures, usually by the method of “ frcoze-drying.” 
This consists of exposing a frozen solution to a 
high vacuum, whereby the ice sublimes without 
the intervention of a liquid phase and loaves the 
solids behind in an open -lattice form correspond - 
mg m volume to that of the original solution filled 
into the vial. Prior to the froezo-drying pro- 
cesses, the penicillin concentrate is first passed 
through an Eitel filter which provides coarse 
filtration and is claimed to remove pyrogens 
Passage through a Seitz filter follows, rendering 
the concentrate sterile. Theieaftor it is fillotl 
into vials under sterile conditions and removed 
to the freeze-dry mg plant. In the vacuum 
chambeis of this unit, the frozen concentrate is 
held at a very low temperature, approaching 
— 50°c , and a high vacuum is applied. In order 
to provide the latent heat of evaporation of the 
ice, heat is supplied to the vials by electric 
heaters or by circulation of a warm fliud, but in 
no event is the temperature allowed to rise 
above -20°o until all the ice is sublimed. 
Thereafter higher teinpcraturos may be per- 
mitted, to bring about more complete removal 
of the last traces of residual moisture. In place 
of freeze-drying, heat from radio-frequency 
waves has been used (B P. Application no. 24972 
of 1945) and it has boon claimed that this 
electronic method is extremely economical and 
rapid. The vials of dried penicillm are closed 
with a rubber stopper, secured by an aliimmium 
seal and duptcap and are then ready, after pack- 
ing, for distribution. 

Crystallisation. 

With the increasing availability of supplies of 
penicillin, manufactureis have made available 
crystalline products Crystalline penicillin may 
bo prepared as a mixture of penicillins or as a 
relatively pure crystalline penicillin G containing 
not less than 90% of penicillin G. This latter 
product has a potency in excess of 1,600 i u. per 
mg and is pure white m colour. 

There are three general methods for the pre- 
paration of crystalline penicillin, the simplest 
one bemg direct crystallisation of the freeze- 
dried salt from a suitable organic solvent, for 
example, acetone. In the other processes, an 
mtermediate salt of an organic base with pemcillm 
18 formed either by adding a water soluble* salt 
of the base to a strong solution of penicillm m 
water, whereupon the penicillin salt crystallises, 
or by adding a solution of the free base to a solu- 
tion of penicillin acid m a suitable organic sol- 
vent. In these two methods, the conversion of 
the base salt of penicillin to sodium salt is 
effected by extraction of the purified penicillin 
into a solvent at pH 2*0 followed by extraction 
into water with the addition of sodium hydroxide 
to pH 7 0 exactly. There results a solution ot 
purified sodium penicillin which can then bo 
freezo-dned and subsequently crystallised from 
a suitable organic solvent. 
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References 

The details of procedures adopted in penicillin 
manufacture are still largely commercial secrets, 
but from time to time publication has been made 
of simplified flow-sheets for the process. Flow- 
sheets illustrating both the surface culture and 
the deep fermentation techniques are given m 
Figs. 1 and 2. In addition, numerous technical 
papers concerned with the biology of the mould, 
the applied chemistry of penicillin, and the 
working details of the biological assay are 
available and these together jirovide a back- 
ground of fundamental knowledge upon A\hich 
the process is built. An excellent introduction 
to the voluminous literatuie may be found in 
the following : 

1. Anon, “Penicillin: Its properties, Tses, 

and Preparations,” Pharmai eutu al 

Press, 1946 

2. Iloltman, “ Antibiotic Products of Fungi,” 

Botanical Review, 1947, 13, 59 

The patent literature is not yet extensive, 
mainly because patent applications relating to 
penicillin were the subject of secrecy ordeis 
duiing the war of 1939-45 In Britain the 
specifications filed with applications made under 
the Intel national Convention are becoming open 
to ])ublic inspection and references to a number 
of these are given above The number of appli- 
cations in the penicillin field that have been 
accepted in the United Kingdom up to June, 
1917, IS relatively small 

PllOPEllTIES 

Not only is “penidllm” a term covciing a 
number of related substances that may be pre- 
sent singly or mixed but the substances or mix- 
tures may vary widely in their freedom from non- 
penicillin impurities. Circumspection is there- 
fore necessary m accepting statements of, for 
example, stability under \ariou8 conditions, for 
these may bo true only of the particular peni- 
cillin, or mixture of penicillins and impurities, 
used in the investigation in question. 

Penicillin is manufactured in the form of an 
alkali or alkaline earth metal salt, usually as the 
sodium, potassium, or calcium salt 8odium 
penicillin is most commonly available as an 
amorphous yellow solid which is extremely 
hygroscopic It may contain as much as 60% 
impurities but most of the yellow material avail- 
able in Great Britain contains only about 30% 
impurites Calcium penicillin, also yellow and 
amoi^hous, is much less hygroscopic than the 
sodium salt , being therefore more easily handled 
it 18 preferred for use in the manufacture of 
pharmaceutical preparations containing peni- 
cillin It IS usually of about the same purity 
as yellow sodium salt. The potassium salt 
resembles the sodium salt. Crystalline sodium 
penicillin oc(‘urs as relatively stable acicular 
crystals. When mounted m mineral oil and 
examined by means of a polarising microscope 
it shows resolvable particles which reveal the 
phenomena of birefringence (mterforence colours) 
and extinction positions on revolving the micro- 
scope stage It also reveals diagnostic refractive 
indices when examined by the immersion 


method The U.S Food and Drug Administra- 
tion standard requires a maximum moisture con- 
tent of 1 5% for crystalline sodium or potassium 
penicillin and 2 5% for other forma. The greater 
stability of the crystalline forms is probably, at 
least in part, due to their lower moisture content. 
Crystalline penicillin is required by the Food 
and Drug Administration to lose not more than 
10% of its activity during 4 days at 100°c. 
Yellow penicillins under similar conditions fre- 
quently lose 90% of their activity 

The stability of crystalline penidllin is such 
that the dry substance docs not need any special 
(are as regards the temperature at which it is 
stored and even with the loss stable yellow 
varieties it is sulYicient for practical purposes m 
temperate climates to store the more potent 
products m a cool place In both instances, it is 
essential that the place of stoiage be diy, since 
the lubber liung used to close the common type 
of container is not always moisture-proof. 
Most published work on the stability of solid 
penu dim at dillercnt temperatures is vitiated 
by a failure to distinguish clearly between the 
ellc( t of temperature and that of moisture, cither 
originally piesent or absorbed through the 
(losurc Randall a/. (J Amer Pharm. Assoc 

1945, 34, 110) showed that w^ith low^-giade 
penicillin in scaled ampoules the effect of 
temperature on the rate of decomposition varied 
with the origin of the sample but deterioration 
was always i datively rapid at 56°c , most 
samples letained their jioteruy at 37°c for a 
month and foi longei iienods at lower tempera- 
tures 

Aqueous solutions of crystalline sodium peni- 
cillin G show maximum stability at pH 6 
(Benedict et al , J. Bact. 1945, 49, 85 ; 1946, 51, 
291) , solutions of pH 6-6 5 show no significcmt 
loss during 7 days at , but outside this 

range deterioration (w^hich proceeds logarith- 
mically) IS rapid, espe(‘ially at acidities above 
pH 4 5 (Molinas and Welch, J Arncr Pharm. 
Assoc 1947, 36, 41) The other penicillins, 
especially penicillin K, are less stable Rise of 
temperature has a considerable effect on stability, 
a rise ot 10°c causmg a three- fold increase in the 
rate of decomposition. Solutions of yellow 
sodium penicillin m general show^ the same older 
of stability as solutions of crystalline material 
but some samples show enhanced stability, 
while relatively crude batches such as occurred 
in the early days of penicillin give markedly less 
stable solutions. The decomposition of penicillin 
m solution is duo to hydrolytic opening of the 
oxygen ring with formation of ponicilloic acid 
Thus there is a gradual mcrease in the acidity of 
the solution and consequently an autocatalytic 
action resulting in a progressively increasing rate 
of deteiioration (Lester Smith, Quart. J Pharm. 

1946, 19, 309). Crude penicillm probably con- 
tains an inactivator, of unknown nature, which 
IS removed durmg purification , the purer forms 
of yellow sodium salt probably contain a sub- 
stance having a buffer effect and limiting the 
change of pll which would otherwise result from 
the hydrolytic decomposition (Lester Smith, 
Ic); solutions of yellow penicillin are therefore 
moio stable as a rule than solutions of crystalline 
material. The addition of buffers to solutions 
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tends to retard deterioration and various sub- 
stances have a stabilising effect independent of 
buffer action, notably sodium citrate, sodium 
hexametaphosphate (T.cster Smith, I c ) and 
sodium phosphate (Pratt, J Amer Pharin Assoc. 
1947, 36, 69). 

In solution, the salts of heavy metals such as 
copper, zinc, and mercury favour decomposition, 
especially in the presence of air, but in their 
absence dry penicillin is stable towards atmo- 
spheric oxygen. Alcohols have a slow action, 
due to formation of penicilloic acid esters, and 
glycerol also has a destructive effect. Some 
varieties of rubber, both natural and synthetic, 
cause rapid destruction, and care is consequently 
neccssaiy m selecting any rubber which is to 
be used in connection with pemcilhn (Cowan, 
Lancet, 1945, 1, 178, Thomas, Bnt. Med J. 
1945, 2, 508, 741) yi-Chlorophenol and cresol 
are to be prefei red to c hlorocrcsol as antiseptics 
m injections of penicillin, since they do not so 
leadily produce a tuibidity. Phenol also is 
satisfactory. 

Bacterial contamination is a most important 
factor in the stability of penicillin solutions. 
Many bacteria produce enzymes, collectively 
referred to as “ penK illmaso,” w^hich rapidly 
hydrolyse pcriK illin and thus destroy its activity 

PcnKillinaso is much more stable than penicillin 
and IS destroyed only on relatively prolonged 
boiling Acpicous preparations of penuillm 
whu h an* intended to be stored for a time must 
therefore bo prepared and kept under sterile 
conditions This is especially necessary with 
jireparations which are of such a composition as 
to favour the development of bacteria. 

ClIEMISTKY. 

From 1943 until the end of the Second World 
War, it 18 probable that more chemists were 
working on the constitution and synthesis of 
penicillin than had ever before collaborated on a 

renicillin 
1 F 

Tl G 

TIT X 

— K 

— Dihydro F 

— Flavu idin 


The last, flavicidin, is only known to be pro- 
duced by the mould Aspergillus flavus (Fried 
et aZ., J. Biol. Chcin. 1946, 163, 341), but all the 
others are produced in various proportions by the 
mutant strains of Penicillium chrysogenum com- 
monly used for production of penicillin by sub- 
merged culture. Penicillin I or F was the pre- 
dominant product from the early strains of 
P. notatum grown on certain synthetic media 
and was the first penicillin to be isolated by the 
British teams. The name “ pcnicilhn IV ” was 
given to a variety of pemcilhn of unknown com- 
position obtained by Goodall and Levi (un- 
pubhshed). It is not identical with penicillin 
K. 

The addition to the medium of phenylacetic 
acid, and other compounds carrying the benzyl 
group, tends to mcreaso not only the total yieltl 


single substance Thirty-nine teams in British 
and American industrial and academic institu- 
tions were involved The constitution of the 
various penicillins w^as established with almost 
complete certainty and synthesis w^as accom- 
plished, but only in extremely low yield. A 
monograph which will give a detailed account of 
this work is m course of preparation (1947) by 
British and American chemists, but sumraartes 
covering certam aspects of the collaborative 
research have been released for publication (see, 
c g., Nature, 1945, 156 , 766 , Science, 1946, 104 , 
431) 

The first crystalline derivatives of penicillin 
to be described were penicillamine (Abraham, 
Chain, Baker, and Robinson, Nature, 1943, 151 , 
107) and penillic acid (Duffin and Smith, ibid 
1943, 151 , 251). Later, penicillin itself was 
crystallised as the sodium salt, following purifi- 
fication by vaiious chromatographic procedures, 
including adsorption chromatography on alumina 
and other substances, and two modified forms 
of paitition chromatography (Martin and Synge, 
Biochem. J. 1941, 35 , 1358). The latter tech- 
nique was made applicable to acids such as 
penicillin, which aio readily extracted from 
water by organic solvents, by incorporating an 
alkaline-earth caibonate with the damp silica 
used to prepare the column, or by moistening 
the silica with a strong buffer solution instead of 
with water (B P. 569844 ; Catch, Cook, and 
Heilbron, Nature, 1942, 150 , 633). 

borne confusion was at first created by the fact 
that crystalline penicillins isolated in Britain 
and America had different properties. It is now 
known that there are at least six different 
naturally-occurrmg penicillms : they all have 
the same ring structure but differ in the nature 
of the side-chain. The empirical formula is 
C9H11O4SN2R ; the R groups with the names 
of the C01 responding penicillins in the three 
terminologies now cuiront, are tabulated below 

R 

— CHgCH.CH CHaMe 

-CHaCeHg 
-CH2CeH4 0H(p) 

-[CHale Me 
-[CH2l4 Me 
— CHaCHa-CHiCHMe 

of penicillm, as previously stated, but also the 
jiroportion of penicillm IT (G or benzylpenicillin) 
in the mixture. Analogous compounds, carry- 
ing the ^-hydroxy benzyl group, tend to mciease 
somewhat the proportion of penicillin III (X or 
7)-hydroxybonzylpenicilhn). A number of “ un- 
natural ” penicillins have been prepared by this 
kind of partial biosynthesis using appropriate 
precursors Another senes of penicillins have 
been made by chemical modification of penicillin 
III, exploiting the reactivity of this phenolic 
compound with, e.g., diazonium compounds. 

The structure of the penicillms is probably best 
represented by formula (1) comprismg fused 
thiazolidme and j3-lactam rings The incipient 
azlactone grouping of formula (2) is a less likely 
alternative. The oxazolone structure shown m 
formula (3), although now discredited, is m- 


A “-pentenylpcnK illm 
benzylpeniciUin 
p -hydroxy benzylpcnieillm 
w-heptylpenicillin 
7i-amylponicillm 
A 3-pentenylpenicillm 
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eluded because it inspired a good deal of the 
earlier synthetic woik. 

McoC CH COoNa 

\ ^ 
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NH— CO R 
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X // \ 
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CH—COv 
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the inonobcnzylamide of penicilloic acid (formula 
5) With mercuric chloride this yields peni- 
cillamine and penaldic II acid benzylamide, 
tharactciised by catalytic reduction to hexa- 
hydrophenylacetylserme hexahyd robenzylamide 
(formula 0) and comparison with a synthetic 
specimen 

MeoC CH COoH 

^ L 


<!h. 


MeX 


COoMe 
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NH--CO R 
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-CHC02H,NH2CH2Ph 


NH 

CH 


iH 


CO NH CHo Ph 
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CHa-OH 
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CH CO NH CHgCeHn 

fvlH CO CH^CgHii 
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The penicillins arc strong monobasic at ids (pK 
about 2 8) containing no basic group. Jlcgiada- 
tion by various means leads to a charatteiistic 
ammo-acid, penicillamine This was found to be 
d-jSjS-dimethylcysteine, a structure confirmed by 
synthesis. It is noteworthy that this a-amino- 
acid belongs to the “unnatural” or d-sciies 
Mild oxidation yields the disulphide, tetra- 
methylcystinc , more vigorous oxidation gives 
dimethylcystcic acid or penicillaminic acid. 
Many other dci natives are known, including a 
senes of thiazolidines arismg from reaction of 
penicilliamine with aldehydes and ketones. 

The jS-lactam ring of penicillin is unusually re- 
active Dilute aqueous alkali opens it quantita- 
tively in a few hours at room temperature with 
consumption of one molecule of alkali to yield the 
salt of the dibasic penicilloic acid. Methyl 
alcohol yields a monomethyl ester of the same 
acid (formula 4) Diazomethane, on the other 
hand, yields the methyl ester of penicilhn itself 
which, although almost inactive against bacteria, 
regams %n vitro ac tivity on mild hydrolysis and 
also exhibits m vivo activity in suitably infected 
mice. On degradation with aqueous mercuric 
chloride, this methyl ester yields the methyl 
ester of penicillamine, thus mdentifymg its 
carboxyl group as the acidic group m penicilhn. 
This was confirmed by other degradations. For 
example, benzylamine reacts with penicillin II 
by the addition of one molecule of water to the 
penicillin molecule as well as two molecules of 
benzylamine, to yield the benzylamine salt of 


SimiLiily, benzyl penicilloic acid methyl ester 
on degradation yields ponicillamino and the 
methyl ester of benzylpenaldic acid, which 
on reduction gives iV-hexahydrophenylaeetyl- 
alanme 

Hydrolysis of the penicillins with hot dilute 
acid yields, besides penicillarnme, one molecule 
of carbon dioxide and the corresponding ponillo- 
aldehydes Thus J^.pentenylpcnicillin (I or F) 
yields zJ-^-hexonoylammoacetaldehyde ; amyl- 
penicillm (dihydro-F) yields w-hexoylamino- 
acetaldehyde (isolated as 2:4-dinitrophonyl- 
hydrazones). Bonzylpenicillm (II or G) gives 
phcnylacoturic acid, phenylacetamide, pheuyl- 
aeetic acid, and phonylacetylaminoacetaldehyde. 
The carbon dioxide was thought to arise by 
decarboxylation of an unstable acid, probably a 
penillo-aldehyde-carboxylic acid, 

CHO CH(COOH) NH CO R 

This supposition was proved correct by several 
lines of evidence ; the acid is a ponaldic acid, 
already mentioned above. When aqueous solu- 
tions of sodium benzylponicillm are heated with 
Raney nickel, sulphur is removed from the mole- 
cule yieldmg dethiobenzylponicilhn, 

^16^20^4*^ 2> 

m which the j3-lactam ring is left intact. A 
second product of the reaction is phenylacetyl-i- 
^lanyl-d- valine, C10H22O4N2, m which thi^ 
ring is opened rcductivcly 
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The structures have also been determined of 
the acid inactiv ation products, the penillic acids, 
and their degradation products. Their forma- 
t ion IS now known to involve extensive rearrange- 
ment of the molecule, but failure to recognise 
this m the early stages led to some confusion in 
attempts to deduce the structure of penicillin. 
The reaction is accompanied by a largo increase 
m optical rotation. The penillic acids being 
sparingly soluble in water are readily isolated in 
(rystalline form, even from relatively crude 
penicillm They are dibasic acids with one basic 
group, but devoid of a thiol group. Penillic acid 
IS isomensed to i^openillic acid by baryta, the 
thiazolidmo ring being opened to exhibit a thiol 
group With cold aqueous mercuric chloride 
the penillic acids are converted to the corre- 
sponding penillamines, which are dccarboxy- 
lated i5openillic acids The penillamines are 
stable to hot dilute acid but the penillic acids 
yield penicillamine, carbon dioxide, and the 
coi responding pcnillo-aldehyde, like the peni- 
cillins themselves. The structures 7, 8, and 9 
for penillic acid, ^5openlillc acid, and pcnillamme 
have been confirmed by synthesis 
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Penicillin was synthesised early m 1944 almost 
simultaneously by British and American teams 
(du Vigneaud et al,, Science, 1946, 104, 431). 
The products had an activity of only about 0 6 
unit per mg , later raised to 3 6 units per mg 
(compared with 1,667 units per mg for pure 
sodium bcnzylpenieillm), and it was not certain at 
the time whether this was really due to pemcilhn 
or to some antibiotic by-product. Many lines 
of evidence, however, combmed to prove that 
pemcilhn was present and the matter has been 
checked by the isolation of synthetic pemcilhn 
as a pure crystalline salt (du Vigneaud et al., Lc.). 

The synthesis was accomplished by reaction 
between synthetic optically resolved d-peni- 
cillamine and a suitably substituted oxazolone 


bearing a potential aldehyde group, such as 2- 
benzyl - 4 - methoxymethylene - 5(4) - oxazolone 
(formula 10; R=C7H7; R'=CH3) or 2-styryl- 
4-ethoxymethylene-6(4)-oxazolone (formula 10 ; 
R=C,H,; R'=C,H,) 

RC=N— C.CHOR' 

o — . — <!; c5 
10 . 

The use of U instead of d-penicillamine gave no 
antibiotic activity. The synthetically produced 
antibiotic exhibited the same degree of stability 
towards a number of reagents as did natural 
penicillin, and the two materials showed the 
saihe “ bacterial spectrum,” t e., the same re- 
lative activity against 7 different bacteria. The 
synthetic material, like natural penicillin, was 
inactivated by the enzyme penicilhnase. More 
conclusive evidence of identity was afforded by 
the isotope “ tracer ” technique. Penicillamine 
containing radioactive sulphur was condensed 
with the oxazolone, the product mixed with 
natural penicillin and crystallised as the triethyl- 
amine salt. This product, and also sodium 
penicillin and penillic acid prepaiod from it, 
earned the expected proportion of radioactive 
sulphur. 

8ome concentration of the synthetic material 
was effected by counter- current distribution 
between organic solvents and aqueous buffer 
solutions, using either partition chromatography 
or the apparatus of Craig (J. Biol. Chom 1944, 
155, 519 ; 1945, 161, 321). Improvement in the 
reaction conditions and repeated application of 
these fractionation procedures finally led to a 
concentrate pure enough to yield the crystalline 
triethylammo salt of benzylpenicillm This was 
identical with the salt of the natural substance 
in melting-point, ultra-violet and infra-red 
absorption spectra, refractive mdex, antibiotic 
activity, and (noteworthily) in optical rotation 

Other synthetic pemcilhns have been made m 
similarly small yields, differing not only m 
respect of the group R, but also in the elimina- 
tion or alteration of the two methyl groups, by 
usmg a-ammo-jS-mercapto-acids other than 
penicillamine. 

Assay. 

The original unit of pemcillm, referred to as 
the “ Oxford unit,” was defined as the “ amount 
of pemcillm contained m 1 ml. of a certain phos- 
phate buffer solution containing ether ” (Heatley, 
Biochem. J. 1944, 38, 64). This purely arbitrary 
umt served the purposes of the early investi- 
gators but 18 , of course, useless to others 
Penicillin is usually assayed biologically, and the 
activity of a sample imder test can only bo 
determmed by simultaneous comparison, under 
conditions as nearly as possible identical, with a 
stable standard preparation. 

The first British standard preparation, known 
as the Provisional British Standard, was created 
in 1944. It consisted of very impure matenal 
and was assigned a potency of 165 Oxford units 
per mg. In America a master standard, believed 
to consist of crystalline penicillin G, was assigned 
I a potency of 1,660 units per mg. Later m 1944, 



272 


PENICILLIN. 


an international conference, held under the 
auspices (^f the Permanent Commission on 
Biological Standardisation of the Health Organi- 
sation of the League of Nations, agreed to the 
setting up of an mtcriiational standard. This 
preparation is believed to contain 99 75% of 
penicillin G and 0 25% of penicillin F. The 
intei national unit <if penicillin is defined as the 
activity contained m 0-45 microgram of the 
International Standard Preparation , it is 
approximately the same as the oiiginal Oxford 
unit The inteinational Standard Preparation 
IS stored and distributed by the JJepaitrnent of 
Biological Standards, National Institute for 
IVledical Research, Hampstead, London, N W 3. 
For a full account of the preparation of the 
standard and of the manner m which it was 
assayed, see Quait Bull. Hlth. Org LoN, 
1945-46, 12, 250. An international working 
standard was also established for use in (becking 
national standards in those countiios winch have 
set them up. 

The assay procedure whuh in one form or 
another has come into almost univcisal use was 
originally devised by Heatley [see Lancet, 1941, 
2, 177) , it IS referred to as the “ cylinder plate ” 
method and its advantage is that sterility of the 
solutions to be tested is not necessary. A suit- 
able agar medium is poured into potn dishes and 
allowed to set. The plates are seeded with the 
test organism, commonly Staph aureus^ by 
pouring a broth culture on to the sin f«ico of the 
agar, draining oil the excess, and drying 
Small open-ended cylmdcis about 1 cm. high 
and 0 5 cm. internal diameter, usually made of 
glass or porcelain, are then placed gently on the 
agar plates so as just to break the surface, four 
or five being equally spaced in a circle on each 
petn dish. The solution of penicillin to bo tested 
18 prepared in 0 1 M. phosphate buffer at pH 7 
and diluted with moie of the same phosphate 
buffer to produce dilutions containing about 0 5, 
1 0, 1 5, and 2 0 units per ml. Solutions of the 
standard penicillin of about the same concentra- 
tion are also prepared. The dilutions of the 
unknown and of the standard are pipetted into 
the cyhnders, and the dishes are covered and in- 
cubated at 37° for 12-18 hours. The penicillm 
solutions diffuse out through the agar at the base 
of the cyhnders and prevent the growth of the 
tost organism so that a clear circular zone is 
formed around each cylmder. The diameter of 
the clear zone is a function of the concentration 
of the penicillin m the solution contained in the 
corresponding cylinder , it is approximately pro- 
portional to the logarithm of the concentiation 
It 18 important to note that owing to this 
logarithmic relation a comparatively small 
difference in ring diameters may denote a large 
difference m penicillm concentrations , conse- 
quently it IS essential that the standard and the 
unknown are handled as nearly as possible m 
exactly the same way. Many seemingly in- 
significant pomts of divergence in treatment may 
however occur. For example, the position of a 
cylinder in relation to the point whore the excess 
ot the culture of the test organism is poured off 
may affect the zone diameter, and so also may 
the position of a plate m the meubator. Whore 
large numbers of assays are mvolved, these 


sources of eiror can to a large extent be obviated 
by conducting -assays on a range of dilutions ot 
the standard picparation and constructing a 
“standard curve” conriccting rmg diameters 
and quantity of penicillin, a standard curve 
being constructed tor each day’s work. The 
( oncentration m an unknown solution can then 
be read off on this curve from the ring diameter 
observed In order to confirm that the curve is 
applicable to any particular unknown it is 
advisable to include one cylmder of standard on 
each plate of unknown. If there is a divergence 
between the ring diameter obtained with the 
standard and that corresponding to the same 
quantity of standard as shown on the standaid 
curve, a proportional correction can bo applied 

in an attempt to eliminate as many variables 
as possible in the assay the U S Food and Hiiig 
Adniinisticition have described the procedure 
m considerable detail, and given specificatums 
for the medium and its ingredients (Fcdeial 
Register, 1947, 12, 2217). They have also 
adopted the statistical method of Ivnudson and 
Randall (J Bact. 1915, 50, 187) for calculating 
the results. Bliss (J. Amer pharm. Assoc 1946, 
35, 6) has described another procedure which is 
statistK’ally more valid. 

In one of many modifications of this proc edure, 
the cylinders are replaced by holes cut in the agar 
medium by, for example, a cork borer If this 
IS adopted the solutions to bo assayed should be 
sterile. In another variant the cylinders are 
replaced by discs of sterile filter paper, 1 cm in 
diameter, which are clipped m the solutions to 
be assayed, drained, and placed in position on the 
plate 

Whichever modification is adopted, the as^ay 
should be conducted in triplicate or, preferably, 
(piadruplicate and if possible rojieated on anothei 
day. With the piecautions indicated above the 
erior probably does not usually exceed ±10% 
The 82 >c*cies and strain of test organism used have 
a considerable influence on the result, smee most 
samples to be assayed will contain mixtures of 
diffeient penicillins and the effect on the growth 
of the test organism will depend upon its sensi- 
tivity to the different varieties and the relative 
projiortions m which they are present. 

As an alternative to the jilate methods of 
assay, the serial dilution method can bo used, 
but the test and standard solutions must be 
sterile. In this method a comparison is made 
of the volumes of the unknown sainjile and of 
the standaid solution which just inhibit growth 
of the same volume of a broth culture of the test 
organism A detailed account of the conduct 
of both cylmder plate and serial dilution assays 
is given m the British Pharmacopoeia. The 
U.S Pharmacopoeia XIII presenbes for the 
assay of penicillin and its preparations the pro- 
cedures adopted by the Food and Drug Admini- 
stration {see Federal Register, / c.). 

IMicro-scale biological methods of assay have 
been developed and are of particular value for 
making determmations of the penicillin content 
of the blood and other body fluids. Fleming 
(Lancet, 1944, 2, 621) has described a “ slide- 
cell ” method, m which a serial dilution pro- 
cedure is carried out on microscope slides, and a 
capillary tube method. 
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Non-hiologicnl Methods, — The development of 
chemical and physical methods of assaying 
penicillm had to await partial elucidation of its 
stiucture. The first to be described was the 
polarographic method of Pago (unpublished) 
The thiazohdmo ring is opened by hydrolysis, 
first with alkali, then with acid, and the 
liberated — SH group is determined by the very 
sensitive catalytic cobalt step. This method can 
bo used with relatively small amounts of peni- 
cillin and it has about the same accuracy as the 
cylinder plate procedure ; unfortunately it is no 
less time-consuming. 

Later methods depend on the hydrolytic or 
ammonolytic opening of the lactam ring. Two 
methods have been described, one colorimetric, 
the other fluorimctnc , in both the ring is opened 
by coupling the penicillin with an ethylenedi- 
amme derivative. In the colorimetric method 
(Scudi, J. biol. Chem. 194fi, 164, 183) the com- 
pound employed is N-(l-naphthyl-4-azoben- 
zene)ethylene(liamine. Penicillin solution is 
acidified and shaken with ether to extract the 
free acid and the coupling is effected in benzene 
solution with a little acetic acid as catalyst 
Excess of the basic reagent is removed by wash- 
ing '\\ith acid, the acidic penicillin complex is 
removed with alkali and determined colon- 
metiically In the fluorimetric method (8cudi 
and Jelmck, ibid 1946, 164, 194) the compound 
used IS 2-methoxy-6-chloro-9-(N-cthylencdi- 
ammc)acridine, but the piuceduie is otherwise 
similai These methods, espcciallv the fluori- 
mctric, are very sensitive and with care can be 
made more accurate than biological piocedures 
The many manipulations involved arc, however, 
tedious and readily introduce crrois 

The simplest chemical procedure is a modified 
saponification-valuo determination The peni- 
cillin solution 13 adjusted to jibout pH 8, a 
mcasuied excess of alkali is added and aftoi 
about 3 hours at room temperature the remain- 
ing alkali IS back-titiated with standard acid to 
the initial pH Most conveniently about 0 1 g. 
of penicillin is used per assay, which permits 
use of N /lO reagents and an indicator (r g , 
Crcsol Ked) With smaller quantities of peni- 
cillin or with highly coloured samples electro- 
metric titration is preferable. When highly 
potent penicillinase is available even the back 
titiation can be avoided After adjustment to 
])H 8 peni( illinaso is added, and the penuilloic 
acid produced is titrated with alkali, added m 
portions if necessary to maintain the solution 
near the pH optimum for the enzyme, i e , about 
pH 7. Crude penicillmaso preparations contain 
too much buffering material to be suitable 

Several oxidation methods have been pro- 
posed. Hydrogen peroxide, for example, m 
presence of a trace of heavy metal catalyst, be- 
sides releasing the potential carboxyl group 
produces another acidic group by oxidising the 
S to a sulphomc acid, thus giving two acidic 
groups per molecule to titrate. More convenient 
and sensitive, however, is the lodometric method 
of Alicino (Ind. Eng Chem. [Anal ], 1946, 18, 
619), which 18 recognised by the U.S. Food and 
Drug Administration in the test for the stability 
of crystallmo ponidllm (Federal Register, 1947, j 
12, 2222). The lactam rmg is opened with | 

VoL. IX.— 18 


N. alliali, the solution is acidified and N./lOO 
lodme IS added ; after 15 minutes standing the 
excess iodine is titrated with N./lOO thio 3 ulphate ; 

1 mg. of pure sodium penicillin G corresponds to 

2 52 ml. of N / 100 iodine The method is 
empirical, 7-9 atoms of iodine being required 
per molecule according to conditions, which 
have to be closely standardised, while standard 
penicilhn should be used as a control. A blank 
titration is necessary, omitting the alkali treat- 
ment, to correct for pemcilloic acid or other 
oxidisable impuiities present. A further source 
of error is that the different varieties of peni- 
cillin have slightly different molecular wcughts 
and consequently the weight of each which is 
equivalent to unit volume of standard iodine is 
not identical. For this reason the metliod cannot 
give the same results as the biological procedures 
except with a solution of a single variety of 
penicillin when a pure specimen of the same 
variety is available for use as a standard in the 
biological test. 

Separation and Assay of Individual 
Penicillins. — When present in complex mix- 
tures, as IS usual from manufacture by sub- 
merged culture, the penicillins are not easy to 
separate or assay individually. “ Differential 
assays ” which take advantage of differences in 
1 espouse to two organisms, usually l^taphif- 
lococcus aureus and Bacillus suhtdiSy can bo used 
foi suitable binary mixtures, e , of penicillin 11 
with either penicillin III or penicillin K , the 
accuracy is low and there is seldom assurance 
that other penicillins are absent. 

Paitition methods are available in certain 
mslances. Penicillin HI, by virtue of its 
phenolic group, is less readily extracted than the 
othei penicillins from acidified aqueous solutions 
by organic solvents, especially chloroform, and 
neatly complete separation can be effected by 
this means Conversely, the long sido-cliam of 
penicillin K renders it the most readily ex- 
tracted by solvents. Differences in partition 
coefficients are not great enough to permit com- 
plete separation, but at the most favourable pH 
values, namely 5-G, chloroform extracts much 
of this penicillin and only small proportions of 
the others. Dihydropemcillin I and penicillin I 
are more readily extracted than penicillin II, 
but the differences are too small to permit separa- 
tion unless multiple countercurrent extractions 
are employed This can bo done most prac- 
tically with modifications of partition chiomato- 
graphy. For example, Fischbach et al (Science, 
1946, 104, 84) have described a technique applic- 
able to the determination of penicillin K in 
mixtures. Goodall and Levi (Nature, 1946, 158, 
675; Analyst, 1947, 72, 277) have described a 
modification of the paper strip chromatography 
of Consden, Gordon, and Martin (Biochem .1. 
1944, 38, 224) for the determination of all the 
penicillins present in mixtures. Strips of filter 
paper are soaked in strong buffer solutions 
(pH 6-7) and dried. A spot of penicillin solu- 
tion, containing 2-30 i u. in I /xl., is applied near 
one end, and this end is then bent over and 
dipped in a trough of ether, while the rest of the 
strip hangs vertically m a chamber saturated 
with water vapour and ether. After about 
20 hours at 0-5'^c. the strip is placed on a large 
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sheet of nutrient agar, seeded with spores of 
Bacillus subtilis, which is incubated overnight, 
after remaining cold a few hours to allow 
penicillin to diffuse from the strip. The various 
penicilhns become visible as elliptical zones of 
inhibition along the strip, arranged in order of 
partition coefficients. The proportions present 
can be calculated from the widths of the zones. 

Some chemical methods have been suggested 
for assay purposes For example the phenolic 
group of penicillin X should lend itself to deter- 
mmation, as also the unsaturated side-chain of 
penicillin F. A specific method for penicillin G 
based on nitration of the benzene ring has been 
proposed by Page and Kobmson (Nature, 1946, 
168, 910) 

It has been claimed that the propoition of 
enicillm II in a mixture of pure penicillins can 
e determined by its exclusive precipitation as 
crystalline cthylpipcridinc salt fiom a mixture 
of amyl acetate and acetone under controlled 
conditions (Sheehan et al , J Amer Chem Soc. 
1946, 68, 2407). This method is adopted by the 
U.S. Food and Drug Administration (Federal 
Register, 1947, 12, 2222). 

Pharmacology. 

The importance of penicillin arises from a, so 
far, unique combination — an almost complete I 
absence of toxicity and a high antibactenal 
activity against a wide range of common patho- 
genic organisms oven in the presence ot body 
fluids. The action on bacteria is bacterio- 
static at low concentrations and bactericidal at 
high ; in some instances it is effective against 
spores as well as against vegetative forms 
Probably it interferes with some vital function 
of cell life, but the mode of action has not yet 
been elucidated The following Table gives 
some of the pathogenic oiganisnis commonly 
regarded as susceptible and resistant, respec- 


tively, to penicillin 

Siisf optiblr 

Resistant 

Actinomyces. 

Bacillus proteus 

B, anthracis. 

Bacillus typhosus and 
B paratyphosus 

Clostridia. 

Brucella. 

Corynebactenvm diph- 

Escherichia coil. 

thence. 

Gonococcus. 

Ilvemophilus influenzse. 

Meningococcus 

11 aemophilus pertussis. 

Pneumococcus. 

Mycobacterium tuber- 
culosis. 

Staphylococcus. 

Pseudomonas pyo~ 

cyanea. 

Streptococcus. 

Trypanosomes 

Treponema pallidum. 

Viruses. 


In connection with the above Table it must bo 
remembered that the terms susceptible and 
resistant are relative , sensitivity varies very 
widely with different strains, even of the 
organisms listed as susceptible 
The following figures (Meads et ah, J. Lab. 
din. Med. 1946, 80, 726) show the range in 
sensitivity among strains of common pathogens : 


Organism 

Penicillin concentration 
required to kill in broth culture 

Least 

sensitive, 

1 11 per ml 

Most 

sensithe, 

1 u per ml 

Majorit\ , 

1 u per ml 

Gonococcus 

0-008 

0 002 

0 004 

j3-Streptococcus . 

0 02 

0 004 

0 008 

Pneumococcus 

0 06 

0 008 

0-03 

a-Streptococcus . 

0 13 

0 008 

0 03 

Meningococcus 

06 

0 02 

0 13 

Staph, aureus 

20 

0 02 

0 06 

Ilsemophilus 




hsemolyticus 

05 

0 03 

0 06 


The following Tabic gives an indication of the 
activity of the four mam varieties of penicillin 
against typical strains of pathogenic organisms 
(Eagle, J. Path. Bact. 1946, 52, 81). The figures 
represent the in vitro activities of penicillins F, 
X, and K compared with that of penicillin G 
taken as 100 in each instance : 


Variety of 
pcncillin 

Relative activity per mg against 

Staphylo- 

coccus 

Strepto- 

coccus 

Treponema 

pallidum 

G 

100 

100 

100 

F 

90 

82 

63 

X 

64 

140 

61 

K 

138 

120 

76 


The objective in therapeutic administration is 
to maintain an effective level in the blood stream 
for as long a period as possible, preferably 
continuously. 

Dosage schemes may be based either on the 
frequent or continuous injection of relatively 
small amounts or on the injection of larger doses 
at longer mtervals The former method is more 
economical in the amount of penicillin used but 
IS possible only in hospital practice Injections 
are commonly given every 3 hours, the total 
dose m 24 hours being 100,000-600,000 units, 
in the alternative procedure, doses may bo 
given once or twice a day, each dose being from 
60,000 to 1,000,000 units or more. After reach- 
ing the bloodstream the greater part of each dose 
IS excreted through the kidneys Numerous 
attempts have been made to prolong the action 
by retarding the rate of absorption or of excre- 
tion but they have not been very successful 
The most widely used preparation is a suspension 
of calcium penicillin in arachis oil and beeswax 
(Romansky and Rittmann, Science, 1944, 100, 
196). Viscous preparations of this character 
are inconvenient to use ; more fluid preparations 
can be made, but appear to give a less prolonged 
action (Ungar, Quart. J. Pharm 1946, 19, 644 ; 
see aUo, however, Berger, ibid, 1947, 20, 22). 
Oral administration is relatively ineffective 
owmg to the destructive action of the digestive 
juices and intestinal bacteria Some clinical 
effect can be produced by giving large oral doses, 
especially in combination with a buffer. Esters 
of penicilhn, such as the methyl and benzyl 
denvatives, are effective orally m some experi- 
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mental animals, but apparently they are not 
hydrolysed m man 

The difficulty of separating the different 
penicillins present m the mixtures resulting from 
normal commercial manufacturmg procedures 
has prevented investigation of their relative 
ments m different conditions. Penicillin K is 
more rapidly excreted than penicillin G and it 
is also more readily destroyed in the body ; 
consequently it is, in general, less effective on 
a weight for weight basis. 

Pharmacy. — Penicillin has been used m a 
wide variety of preparations, mcluding lozenges, 
pastilles, chewing wafers, dusting powders, oint- 
ments, creams, lotions, sprays for the nose, 
throat, and bronchial passages, snuffs and sup- 
positories For full particulars of these, refer- 
ence must be made to text- books of pharmacy. 
Calcium penicillm, being less hygroscopic then 
the sodium salt, is preferred for use in such 
preparations since it can be handled more easily. 
Preparations made wuth crystalline sodium 
penicillin are less stable than those made with 
the calcium salt, an observation which is in 
keeping with the known stabilising effect of some 
impurities. For injections a sterile aqueous 
solution of the sodium salt is most commonly 
used , the solution is made by injecting sterile 
water through the rubber closure of the vial 
containing the penicillin. Suspensions of the 
calcium salt in oil and beeswax, which are 
claimed to give a more piolongeci action (see 
above) y are also extensively used They have 
to be warmed before use since otherwise they 
are too viscous, and it is difficult to cleanse the 
syringe after the injection has been given The 
oily injections are therefore inconvenient and 
messy. Ointments and creams, which are to be 
applied to wounds or where the skin is broken, 
aio supplied in steiile condition. The same 
applies to preparations of such a nature that 
penicillinase may be produced if an appropriate 
organism gains access, and for this reason all 
aqueous preparations should be supplied in a 
sterile condition unless they are likely to be 
used within a few hours In any event, pre- 
parations containing water are unstable and 
should be used as rapidly as possible , they 
should be stored, if at all, in a refrigerator. It 
18 desirable that the moisture content of all 
preparations not containing water as an in- 
gredient should be as low as possible ; for prefer- 
ence the non-penicillm ingredients should be 
dried before incorporation. When this is done 
the rate of deterioration of non-aquoous prepara- 
tions 18 relatively small and no special care is 
necessary in storing them other than to ensure 
that moisture cannot gam access ; it is, however, 
always advantageous to keep penicillin prepara- 
tions m as cool a place as is available. 

Veterinary Use. — The restriction in the 
amounts of penicillin that have been available 
for human use has prevented the same develop- 
ment in the use of the substance for vetermary 
purposes. It has, however, been used to a con- 
siderable extent for the treatment of bovme 
mastitis, but its effect necessarily depends on 
the susceptibihty of the infecting organism. 
One of the most common infecting organisms is 
Streptococcus agalactise which is pemciUin- 


sensitive. Infections wdth Staphylococcus aureus 
seem less readily cured. Treatment is by in- 
jection of a sterile aqueous solution into each 
quarter of the affected udder. Oily suspensions 
have also been given but such preparations are 
not easy to use. 

Legal. 

In Great Britain penicillm and its injectable 
preparations are controlled by Regulations 
(S.R. & 0. 1946, No. 467) issued under the 
Therapeutic Substances Act, 1925. The effect 
18 that the controlled substances may be manu- 
factured for sale only by those who are licensed 
so to do by the Ministry of Health m England 
and Wales, by the Department of Health for 
Scotland m the latter country, and by the 
Ministry of Home Affairs m Northern Ireland. 
Licences are granted only when the licensing 
authorities are satisfied with the conditions 
under which the preparations will be made 
The Regulations also specify standards for 
potency and tests for sterihty and for freedom 
from pyrogenic substances, and lay down various 
requirements m regard to labelling. 

Control of the sale and distribution of peni- 
cillm and all preparations containing it is 
exercised by the Penicillin Act, 1947. This 
Act makes it an offence to sell the substance, 
or anything contammg it, direct to the general 
public. In general such products may be sold 
by pharmacists only to medical practitioners, 
dental surgeons, and vetermary surgeons, and the 
general public may obtam supplies only on 
prescription. 

In the United States, standards and tests, 
packaging and labellmg are controlled by the 
Food and Drug Administration under an amend- 
ment of the Federal Food, Drug, and Cosmetic 
Act, dated 6 th July, 1945 Penicillin and its 
preparations must be certified by the Admmistra- 
tion before they can bo dealt with m interstate 
commerce. 

H T. B , A. H. C , and E. L. S 

PENTAMIDINE. 4-4'-Diamidmodiphen* 
oxypentane. Drug used for treatment of try- 
panosomiasis and Kala-azar (v. Synthetic 
Drugs). 

S. E. 

PENTLANDITE. A sulphide of iron and 
nickel, nearly (Fe,Ni)S, usually with Fe:NI 
close to 1:1. Recent analyses indicate that the 
formula is more correctly (Fe,Ni) 9 Sg, and that 
the mineral may contain small amounts of 
cobalt. The pure mineral contains approxi- 
mately 34 5% of nickel. It erystallises m the 
cubic system, and is almost always found as 
granular aggregates intimately associated with 
the magnetic iron sulphide, pyrrhotite, and also 
commonly with chalcopyrite Pontlandite has 
a prominent octahedral parting, a yellowish- 
bronze colour, and metallic lustre. It is brittle, 
opaque, and non- magnetic ; p 4 6-5 ; hardness 
3J-4. Although pentlandite is not unlike 
pyrrhotite in appearance, it can be distinguished 
from it by the octahedral parting, lack of 
magnetism, and absence of anisotropism when 
examined in pobshed sections in vertical re- 
flected bght. Its presence is readily detected 
by the dimethylglyoxime test for nickel. 
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Pentlandite is the principal ore mineral of hydrolysing the acylated flavylium salt formed 
nickel. In the famous deposits of Sudbury, mtermediatcly (Nolan, Pratt, and Robinson, 


Ontario, which have yielded during the past 
decade about 85% of the world production of 
nickel, the metal is derived almost entirely from 
pentlandite. Other nickel-beanng sulphide 
deposits in which pentlandite is practically the 
only source of nickel are those of Petsamo in 
Finland, Norway, British Columbia, and Norilsk 
in Siberia 

1) W 

PENTOBARBITAL {v. NEMBUTAL^ 

Vol. VIII, 4506/ , PeNTOBAUBITONE SoLtIBLE) 

S E. 

PENTOBARBITONE SOLUBLE. 

Sodium 5 - ethyl - 5 - a - methylbutylbarbiturate 
“ Nembutal ” Sedative, hypnotic, and anjcs- 
thetie BP Add VII, B P.C. Supp VII (v. 
Synthetic Drugs) 

S. E 

PENTOTHAL. Sodium 5 - cth>l - 5 - a - 
methylbutyl-2-thiobarbituiatc An<cstheti( (in- 
travenous) (v. Synthetic Drugs). 

S E. 

PEONIDIN IS the anthocyanidm obtained 
by the acid hydrolysis of peon in Will- 

stktter and Nolan (Annalcn, 1015, 408 , 130) 
using hot 20% hydrochloric acid found that 
peonidin chloride crystallised from the solution 
in the form of slender needles of the motto- 
hydrate^ CigH^gOQCl.HgO, which siipeilieially 
resembled one of the forms of cv.inidin ehloiide 
By transmitted light the peonidin salt is reddish 
grey-biown, while the cyanidm salt is more 
bronze brown-red In its high solubility in 
alcohol, in the fine, violet-red (oloiir of the 
solution, and in its beh.iviour tow^xids hydro- 
chloric acid, sulphuric acid, and sodium car- 
bonate, peonidin resembles cyamdin. In other 
respects the two anthocyamdins show widely 
difiercnt properties Peonidin chloride is fairly 
easily soluble in cold water forming a brownish- 
red solution, and very easily on warming, whilst 
cyamdin chloiide is very sjiaringly soluble. (A 
hot dilute aqueous solution of peonidin chloride 
decolourises rapidly owing to pseudo-base forma- 
tion ) Water added to a concentrated solution 
of peonidin chloride in alcohol changes the 
colour to biownish-red , under the same cir- 
cumstances violet fiocks separate fiom a solution 
of cyamdin A violet colour develops when 
potassium acetate is added to an alcoholic solu- 
tion of peonidin, but there is no important colour 
reaction with feme ehloiide; an alcoholic solu- 
tion merely becomes more intense. The cMoride 
is sparingly soluble in 1% hydrochloiic acid 
(easily on waiming) or in stronger acid. The 
sulphate crystallises from 7% sulphuric acid m 
microscopic brown needles The jncrate (brown- 
ish-red needles) sepaijitos more readily than does 
that of cyamdin 

The constitution of peonidin (I) as a cyanidm 
monomethyl ether is established by the following 
facts ; demethylation w ith hydriodic acid m the 
presence of phenol affords cyanidm ; alkali- 
fusion experiments indicate that the methyl 
group is attached to the 2 -phenyl group of the 
anthocyanidm. Peonidin has been synthesised 
by condensing acetylated phi oroglucin aldehyde 
with <u-4-diacetoxy-3-methoxyacetophenono and 
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Peonidin derivatives are not very widely dis- 
tributed m nature In their survey of antho- 
eyanins, G M and K Robinson (Biochem J. 
1931, 25 , 1687 , 1932, 26 , 1647 ; 1934, 28 , 1712) 
have obscived the presence of a peomdm-3- 
glycosido m Verbascurn phoemceuttif a 3-j>entose- 
glycoside m a variety of Cyclamen^ a 3-bioside 
m Cosmea bipinnata, and 3 5-dimonosides in 
8wcct peas, Streptocarpus, Fuschia, and probably 
in varieties of Magnolia, 

W. B. 

PEONIN IS the anthoeyanm colouring mat- 
ter of the fiow ei a of deep violet-red peonies It 
w\*is isolated by Willstatter and Nolan (Annalen, 
1915, 408, 136) by extracting the clued ami 
powdered petals with methyl-alcoholic hydrogen 
ehloiide and precipitating it from the filtered 
solution by adding ether. Partial extraction of 
the dark-ied syrupy product with warm 2% 
mothyl-alcohohc acid dissolved colloidal and 
hygioscopie substances, leaving a residue which, 
when stilled wuth methyl-alcoholic hydrogen 
chloride containing glacial acetic acid, became 
granular and then powdery. After exti acting 
again with warm 2% methyl-alcoholic acid, the 
lesidue was crystallised from hot n /2 HCI. The 
yield was 6 g from I kg of powdered petals. 

Crystallised as described, peomn chloride 
forms the penfahiydrate, CggHgg Oi,CI.6H,0, 
consisting of lustrous, bronzy, brownish-rod 
needles, which by tiansmittcd light appear red- 
violet, and when powdoied are brick-red. It 
melts with decomposition at 165°. 

Peomn resembles cyanm closely m many of its 
properties. The two anthocyanms dissolve in 
7% sulphuric acid with the same colour. The 
rate of pseudo-base formation is the same foi 
both, as also are the reactions with sodium 
acetate (violet), sodium caiboiiate (blue), and 
sodium hydroxide (blue, becoming green on 
standing) The two anthocyamns differ however 
m their reaction with ferric chloride. Peomn is 
scarcely affected, whilst cyanm gives a blue 
coloration. A further difference is observed m 
the solubility of the salts. In cold water peomn 
IS very easily soluble, the colour quickly fading 
on account of pseudo-base formation It is also 
considerably soluble m cold alcohol; m this 
solvent, too, isomerisation occurs readily. It is 
sparingly soluble m cold, dilute hydrochloric 
acid; at 20°, 1 htre of 1% acid dissolves only 
0 II g. of the chloride. In cold 2n- HCI it is 
msoluble, but it dissolves on warming. The 
solubility is also greatly increased if impurities 
are present. Peomn is more sparingly soluble 
than cyanin in 7% sulphuric acid , it separates 
from the solution m small red needle.s A solu- 
tion of peomn m 1% ethyl alcoholic hydrogen 
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chloride is violet-red, redder than a correspond- 
ing solution of cyanin. The picrate of peonin is 
very readily formed, crystalhsmg oven when 
picric acid is added to a suspension of the 
chloride m water; the chloride dissolves and 
the picrate separates in the form of brownish-red 
needles, which under the microscope appear red- 
violet. 

Peonidm chloride (1 mol ) and glucose (2 
mol.) are formed when peonm is hydrolysed by 
short boilmg with 20% hydrochloric acid. The 
points of attachment of the glucose units have 
been ascertamed, and the suggested structure of 
the anthocyanin has been confirmed by a syn- 
thesis in which co-tetra-acetyl-j8-glucosidoxy-4- 
acetoxy-3-methoxyacotophenono (II) was con- 
densed with 2-0-tetra-acetyl-j3-glucosidylphloro- 
glucinaldehyde (I) to form a flavylium salt, 
which was then deacetylated to peonm chloride 
(HI). 



(AcO)iCa 




ICHO 


1 . 


AcO, 

MeO* 


C0CH2 0 CeH 70 ( 0 Ac )4 

II. 


Cl 



CcHiiO, 


OMe 



0 164y 10”%. solutions of both the natural 
and synthetic chlorides in 0 1% methyl-alcoholic 
hydrogen chloride show identical absorption 
spectra with a maximum at about 5,200 A. 
(Robmson and Todd, J.C S 1032, 2403). 

W. B. 

PEPPER. The dried fruit of Piper nigrmn 
Linn. (Fam Piperacea}), indigenous to South 
India, but cultivated there and also in the West 
Indies and many tropical countries. The various 
Long peppers, cubebs, and Betel nuts belong to 
the same family. The plant is a climbing woody 
vine growing to a height of 12-20 ft and sup- 
ported on poles or trees. The flowers and fruits 
are sessile, 20-30 growing directly from the 
flower spikes, and the berries are about 3 5- 
6 mm., usually about 5 mm., in diameter. 
Black Pepper is gathered when the lower berries 
begin to turn red, and dned in the sun or by 
artificial heat, by which process it becomes 
black and shrivelled. Two crops are collected 
annually. White pepper, which is a pale buff 
m colour, is the riper berry taken from one end 
of the spike or by gathering the whole spike when 
more mature, and deprived of a portion of the 
pericarp or outer skin by fermentation, treading 
down, and washing, or by macerating m water, 
and then rubbing in baskets to remove stalky 


and pulp. The berries, even after this, are larger 
than those of black pepper, but the greater 
degree of ripeness does not show itself in any 
other respect The flavour of white pepper is 
less pungent than that of black pepper and is 
preferred in Europe, though black pepper is 
moie popular in America Decorticated white 
pepper is pepper fiom which practically all the 
seed coats have been removed The process is 
earned out by the spice miller and the resulting 
ground product possesses a white colour, a low 
ash, very little fibre, and — some think — very 
little flavouring pungency. 

The chief varieties of black pepper sold in the 
market are Mangalore, Malabar, Lampong, 
Allcppi, Tellichcrry, Penang (or Achcen), Siam, 
Ceylon, and Singapore, the names being taken 
from the districts m which they aie grown, or 
from the port from which they are shipped. 
Trang pepper has now disappeared from the 
market The chief varieties of wdiite pepper aie 
White Mantok, Ceylon, and Sarawak 

Macroscopic Examination . — Pepper possesses 
no stalk, as usually understood, at the base, but 
a small peduncle composed largely of 10-15 
fibio-vascular bundles, by which the fruit is 
attached to the spike anil which radiate in all 
directions m the parenchymatous layer to the 
apex, below the outer epidermis and the layer 
of stone colls, so that parts ol it aie found m 
wdiite as well as in black pejipcr The fruit 
should bo soaked foi 24 hours befoie dissection 
to soften it. A cross-section shows an outside 
fruit layer or pciicarp composed of an outer 
ejiidermis (in black pepper only), a layer of 
stone-cells, a layci of parenchyma, in which are 
embedded some oil tells, the fibro-vasciilar 
bundles lined with oil cells, a single layer of cells, 
and a double layer of bro.wn pigment cells The 
seed, which lies within the pencaip and which 
it completely fills, consists almost entirely of 
penspcim suiroundcd by a seed coat of throe 
layers and .i very thin epidermis At the apex 
ot the seed there is a small depression below 
I which IS the minute embryo and the endosperm. 

I In the centre of the pcrisperm a cavity is always 
found in white and generally in black pepper. 

Microscopical Examination . — The pericarp 
consists of seven layers : (1) the epicarp con- 
sisting of polygonal cells with dark contents and 
occasional stomata, (2) the hypoderm consisting 
of thick-walled sclerenchymatous or lignified 
cells in one or two rows, (3) the outer mcsocarp 
consisting of about twelve rows of thin-walled 
parenchymatous colls containing oleo-resm cells 
with crystals of piperino in some of them, (4) the 
fibro-vascular bundles, (5) the layer of large 
polygonal oil cells, (6) the inner parenchymatous 
layer of small cells with slightly sclerenchy- 
matisod walls, and (7) an endocarp layer of 
beaker- or horseshoe-shaped cells heavily scle- 
renchymatisod on the radial and inner walls 
and which are bright and colourless. The 
sclerenchyma cells, if previously bleached with 
sodium hypochlorite, stain yellow fairly readily 
with zinc chloroiodide or deep red with safranin ; 
the parenchyma cells stain blue with zinc chloro- 
lodide and light red with safranin. The cells of 
the hypoderm are characteristic of pepper, some 
being ibodiametnc and about 15ft to 20/x, but the 
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majority are elongated and measure up to lOO/tt. 
by 20fi. Small oxalate crystals are found in this 
layer, while simple or compound minute starch 
grams are found in the parenchymatous layer 
beneath. When examining powdered pepper it 
is seldom that the three layers of the seed coat 
are observed distinctly , they consist of two 
hyaline layers with a layer of dark reddish- 
brown pigment cells. The perisperm or seed of 
the pepper contains abundant food and is com- 
posed chiefly of horny protein matter in which 
numerous starch aggregates are embedded, the 
starch grains measuring usually about 4/i. and 
seldom reaching 6/x., though when examined 
carefully they show a distinct hilum. Most of 
the cells are radially elongated towards the centre 


and occasional oleo-resin cells are distnbuted 
throughout. 

Pepper is mainly employed as a condiment, 
the shells being used for tinned foods, sausages, 
etc. It has been used since the time of Hippo- 
crates in medicine for its stimulating and carmi- 
native properties, though it is no longer official 
in the Pharmacopoeias. 

Chemical Composition — The results of the 
analysis of various varieties of black and white 
pepper and of pepper shells by Winton, Ogden, 
and Mitchell ; Winton and Bailey (Ann Rept. 
Connect. Exp Sta. 1898, 198 , 1903, 158) , Doo- 
little (Mich Diary and Food Dept , Bui 34), and 
C Arragon (Ann. Falsif 1915, 8, 345) are as 
follows : 


Table I. 



Black pepper 

White pepper 

Pepper shells 


Max. 

Mm. 

Av 

Max 

Min 

Av 

Max 

Mm 

Moisture 

12 95 

8 09 

10 26 

14 47 

8 04 

10 90 

11 01 

7 00 

Ash, total . ... 

7 0 

3 09 

5 02 

2 96 

0 86 

1 50 

28 81 

7 82 

Ash, insoluble in HCI. . 

1 8 

00 

0 61 

0-20 

0 0 

0 17 

22 90 

0 79 

Ash, soluble in water . 

3 32 

1 65 

2 52 

1 16 

0 12 

0 38 

4 66 

1 53 

Starch (Diastase method) 

41 75 

22 05 

35 64 

63 60 

48 88 

54 97 

15 30 

2 30 

Ether extract, volatile 

2-78 

0-65 

1 29 

3 58 

0 76 

1 04 

1 11 

0 68 

Ether extract, non-volatile 

10-53 

6 10 

7 90 

8 85 

5 65 

6 58 

4 97 

1 51 

Fibre 

18 89 

9 68 

11 88 

7 65 

0 10 

3 87 

32 15 

21 06 

Nitrogen, total 

Nitrogen in fixed ether ex- 

2 53 

1 86 

2 15 

2 14 

1 85 

1 99 

2 36 

1 72 

tract . ... 

0 45 

0 25 

0 32 

0 34 

0 24 

0 30 

0 15 

0 20 

Alcohol extract 

11 86 

8 31 

9 44 

8 55 

7 19 

7 66 

6 30 

4 00 


and the following Table given by Richardson 
(U.S. Dept. Agric. Bur. Chem Bull 1887, 13, 
ii, 206) snows the general composition of black 
and white pepper. 


Table II. 



Black pepper 

White pepper 

Water .... 

8 0 -11 0 

8 0-110 

Ash .... 

2-75- 5 0 

1-0-20 

Volatile oil 

0-50- 1 75 

0-5 - 1-75 

Piperine and resin 

7-0-80 

7 0-8-0 

Starch 

32 0 -38 0 

40 0 -44 0 

Crude fibre . . 

8-0 -11 0 

4-11- 8-0 

Albuminoids . 

7 0-12 0 

8 0 -10 0 


For routme chemical examination, the ash and 
the ash insoluble m hydroehlorio acid should be 
first determined, the analyst being guided as to 
further work by the results of the microscopical 
examination. 

If the total ash exceeds 6% in the case of black 
pepper or 2% in the case of white pepper, added 
mineral matter may be suspected and a more 
detailed analysis is required. The composition 
of the ash of black and white pepper has been 
examined by Rottger (Arch. Hyg 1886, 4 , 183) 
and of black pepper by A. W. Blyth (“ Foods, 
Their Composition and Analysis,” 6th ed. 1909, 


p 495), but m the writer’s opinion the white 
pepper may have been whitened with calcium 
phosphate. The results are shown in Table III 


Table HI — Asii of Pepper. 



Black pepper, 

0 

White pepper, 

0 

/O 

K ,0 . . . . 

24 4 -34 7 

6 13 

Na^O .... 

1 5 - 5 5 

0 79 

CaO 

11 6 -16 1 

33 09 

MgO . . 

3 3-13 0 

10 59 


0 3-22 

2 04 

MnOg . . 

0 19- 0 8 

0 55 

P 2 O 5 . . 

8 5 -11 1 

30 05 

SO 3 ... 

40-96 

3 50 

Cl 

54-85 

0 72 

Silica or sand . 

15-65 

2 05 

COa . . 

14 0 -20 0 

10 96 


The constituents to which the flavour and 
aroma of pepper are due are chavicme, piperine, 
piperidine, a volatile oil, and a resin It was for 
long believed that the pungency of pepper was 
due to piperme, a colourless, crystalline alkaloid, 
m p 128° Piperine is soluble in ether and less 
soluble in alcohol, feebly basic, and optically in- 
active, although it 18 one of four isomeric com- 
pounds, being a piperidide of piperic acid. It is 
stated to be present to about 9% in black and 
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7% m white pepper, though the evidence is con- 
fusing and it IS probable that the actual amount 
of piperine is lower than this in both varieties. 
This anomaly is due to the common method of 
determmmg the nitrogen in the ether soluble 
portion and calculating the whole of it as 
piperme, whereas allowance should be made for 
chavicme and other nitrogenous compounds. 
Piperme was first isolated in 1819 by Oersted, 
and its composition, C17H19NO3, ascertained 
by Regnault. Babo and Keller (J. pr Chein. 
1857, [1], 72, 53) discovered that piperme could 
bo hydrolysed to piperidine and piperic acid, 
and as a result Rugheimer (Ber 1882, 15, 1390) 
effected a partial synthesis, but it was left to 
Ladenburg (ibid 1885, 18, 2956, 3100) to eom- 
I)lete its synthesis. Piperme is at first tasteless, 
but if ground with starch and left for several 
(lays the mixture acquires the intensely bitter 
taste of pepper An alcoholic solution of piperme 
IS similarly bitter, but Ott and Zimmerman 
(Annalen, 1921, 425, 314) consider that this is 
due to the presence of traces of chavicme 
Chavicine was first reported by Buchheim (Arch 
exp. Path. Pharm. 1876, 5, 455) and Ott and his 
collaborators have confirmed his work Chavicme 
IS a resinous compound, more soluble m alcohol 
than piperme, but isomeric with the latter, being 
a pipcridide of chavicic acid, which is isomeric 
with piperK* acid. Chavicme may be extracted 
from black pepper by alcohol, the solvent 
removed, and the extract treated with other 
until no further coloui is removed. The ether 
solutions are shaken with 10% caustic alkali, 
washed with water, and the ether removed. 
The residue is steam-distilled to remove all 
essential oils, and then dissolved m ether and 
allowed to stand at 0°c for several days to 
precipitate piperme The crude resin is ex- 
tracted with light petroleum, dissolved m alcohol, 
and decolorised with charcoal After removal 
of the solvent the resin is left as a dark brown 
viscous liquid, which may be further purified by 
solution m benzene, the addition of stannic 
bromide and the precipitation of the additive 
compound by ether The chavicme is re- 
generated by re-solution m benzene and precipi- 
tation by ether. 

A. and R. Pictet (Helv. Chim. Acta, 1927, 10, 
693) have isolated a liquid alkaloid from pepper, 
which they have identified as an optically active 
j5-mothylpyrrolme, which forms /3-methylpyrro- 
lidme, with racemisation, on reduction with 
tin and hydrochloric acid. The alkaloid forms 
well-defined aurichloride, platmichlonde, and 
picrate, all of which have sharp melting-points. 
Their work has not, however, been confirmed by 
Spkth and Englaender (Ber. 1935, 68 [B], 2218), 
who also claim that piperidine is not present m 
pepper m the free state It is not clear at the 
present time whether pipendides of i^opiperic 
acid or tsochavicic acid are present in pepper. 

Although piperme is said to be found only m 
the fruits an(i seeds of the piper species, H. 
Staudmger and H. Schneider and their col- 
laborators (ibid, 1923, 56 [B], 699), have pre- 
pared the pipendides of 8-phenyl- J^-, -J®-, and 
-J^-pentenoic acid, all of which possess a 
similar flavour to piperme. C. Riecomamu 


(Atti R. Acad. Lincei, 1924, 33, 146) has shown 
that piperidine is unnecessary for obtammg the 
pepper flavour which is possessed by 1.4-di-8- 
phenyl-J^-pentenoylpiperazme. 

Amounts of oxalic acid varying from 0*45 to 
3 39% have been reported to be present m 
popper. The chief constituent of pepper is 
starch, which is about 63% m decorticated white 
pepper, 66% m white pepper and 34% m black 
popper. The protein of pepper does not appear 
to have been investigated, but from the hard 
structure of the porisperm it would appear to be 
similar to that in the horny portion of cereal 
grams. 

Adulteration — It was reported m 1917 that 
pepper was still the most adulterated spice in 
Canada, 13*7% of the samples not being genuine 
Wheat starch, rice starch, oat starch, corn meal, 
olive stones, coconut shell, sand, cayenne, cal- 
cium or magnesium carbonates, and pepper 
shells are the chief adulterants The husk 
removed from white pepper m the course of 
manufacture is frecpiently added to both black 
and white poppers, being m the latter case 
bleached by chlorine or sulphur dioxide. If the 
fibre m a white pepper much exceeds 5% and 
microscopic examination shows the presence of 
the outer portions of the shell, the husk may be 
taken as roughly equal to the percentage of fibre 
less 5 multiplied by 3 For a more accurate 
determination, E R. Smith, S. Alfend, and L. C. 
Mitchell (J Assoc Off Agric Chem 1926, 9 , 
333) recommend the determination of the fibre, 
d-glucoso and magnesium oxide contents of the 
pepper The d-glucose value is obtained by 
direct acid hydrolysis of 2 5 g. of the pepper 
without previous treatment, heating for 2 5 
hours with 200 ml. of water and 20 ml. of dilute 
hydrochloiic acid under reflux, neutralising, and 
determmmg the dextrose on an aliquot portion 
by copper reduction. Their results are sum- 
marised 111 the following Table . 


Table IV 


Origin 

No of 
samples 

Crude 

fibre 

(?- 

Rlu- 

cose 

MgO 

MgO 

X 

crude 

fibre 

MgO 

1,000/ 

(/-glu- 

cose 

Lampong 

18 

13 9 

52 5 

0 42 

5 8 

8 1 

Allepl 

9 

13 0 

56 1 

0 41 

5 3 

73 

Tcllicherry 

ry 

14 4 

67 5 

0 40 

5 8 

7 0 

Singapore 
White and 
decorti- 

2 

Ifi 6 

55 1 

0 43 

6 7 

78 

cated 

4 

4 1 

77 9 

0 16 

0 7 

2.1 

Shells 

4 

31 6 

21 2 

0 80 

25 3 

37 8 


— 

24 4 

29 3 

0 64 

15 6 

21 9 


— 

25 3 

29 7 

0 64 

16 2 

21 5 


— 

30 0 

21 1 

0 79 

23 7 

37 4 

Siftings 

3 

18 3 

12 8 

— 

— 

— 


— 

20 8 

14 8 

— 

— 

— 



24 6 

22 5 

0 61 

15 0 

27 1 


At one time ground olive stones (poivrette or 
pepperette) were a common adulterant. Under 
polarised light with the microscope they stand 
out brightly m the dark field and exhibit a 
reddish tinge. Most of the structural elements 
of pepper remain almost dark, but long pepper 
ex&bits a bluish tinge. Campbell Brown 
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(Analyst, 1887, 12, 24) gives the analysis of three 
samples of ground olive stones Probably the 
commonest adulterant is starch in some form or 
the other, and during the 1939-45 war mixtures 
of pepper, wheat flour, and cayenne were sold 
as pepper. Rice starch is not so readily 
detected as the larger starches and H Wagner 
(Pharm. Weekblad, 1928, 65, 680) recommends a 
stain obtained by dissolving 0 5 g caimine in 
25 ml of glycerol and 25 ml of 4 n ammonia 
and Altering after some hours The pepper is 
soaked m this solution for about 7 hours and 
washed four times with water, rice starch is 
stained an intense violet colour, whilst the 
pcrisporm of the pepper remains unchanged, 
2% of rice meal may be detected by this means 
Excessive proportions of mineral matters may 
be present, owing to the whole berries having 
been insufficiently cleansed from adherent earth, 
or to their having been coated with kaolin, 
french chalk, or similar material The addition 
of chalk or magnesium carbonate to pepi^er may 
be readily observed by placing the sample on a 
microscope slide, mixing with chloral hydrate 
containing 1% dilute hydrochloric acid, and 
covering with a cover slip, pure pepper being 
used as a control Bubbles of carbon dioxide 
form round the jiarticlos of carbonate and can be 
seen under the microscope or a strong lens 
The red berries of Schinua molle, when dried 
and loasted, appear somewhat similar to black 
pepper and are used for adulteration. When the 
berries are whole they may bo detected by the 
naked eye on breaking the fruit The drupes 
of Schinua molle show a lignificd capsule of 
irregular stellate form. The lignified tissue is 
easily recognised under the microscope, or the 
pepper may bo boiled with Fehlmg’s solution, 
which IS immediately reduced by the sugars 
(10%) present in Schinua molle 
Microbiological Content and Action — J. W 
Corran and 8 H. Edgar ( J S C I 1933, 52, 149t) 
have shown that black peppei, so far from in- 
hibiting fermentation by yeast, actually con- 
tains a yeast stimulant J. Yesair, C B. Wil- 
liams, and L B Jensen (quoted by Jensen in 
“Microbiology of Meats,” 2nd cd , Garrard Pi ess, 
1945, p 345) have shown that black popper may 
contain from 72,000-40,000,000 bacteria and 
from 500-1,300,000 moulds per g , white pepper 
from 7,000-3,000,000 bacteria and from 2,700- 
110,000 moulds per g , and decoiticatcd white 
pepper 1,380,000 bacteria and 30,000 moulds 
per g 

Standards — At the present time there is no 
legal standard for pepper in the United Kingdom 
Long Pepper is the unripe fruit of Piper 
officinarum Miq C D.C which grows in the 
islands of* the Malay Archipelago, or Piper 
longum Linn (N 0. Piperacece) which grows in 
Bengal, and the Philippine islands 
The fruit spike has the form of catkins from 
2 to 6 cm long and 4 to 8 mm wide in the case 
of P. officinarum^ that of P. longum being shorter 
(about 2 cm long) and broader. It consists of 
numerous minute berries disposed along and 
partly embedded in an elongated axis. It has 
an odour and flavour somewhat resembling 
ordinary pepper but weaker and less agreeable, 
the smell bocommg decidedly objectionable on 


w'armmg P. longum rarely comes on to the 
market Most of the microscopic structure of 
long pepper is very similar to that of pepper, but 
it contains more fibro-vascular bundles owing to 
the presence of the spike stalk , others are seen 
between the fruitlets. The stone cells have 
their longer axis parallel to the surface and not 
radiating from it as in pepper The endocaip 
cells are not beaker shaped as in pepper, nor 
have they thickened radial walls, but aio 
elongated The starch grains, usually about 
6/x, may be as large as 10/z, and are slightly larger 
than those of pepper ; they are also found to a 
greater extent in the epiderm than in jitipper 
It contains about the same amount of volatile 
oil and about half the amount of pipenno present 
in ordinary pepper and as the fiuit often trails 
on the ground the ash is liable to be high, owing 
to the inclusion of clay and sand from the 
adheient soil, for the lemoval of which no 
special steps are taken The figures obtained on 
analysis by Campbell Browm (Analyst, 1887, 
12, 68), and by Winton, Ogden, and Mit( hell, and 
C Arragon (/ c ), are as follows 



Max , " 

Min , % 

Total ash 

9 61 

5 08 

Ash insoluble m HCI 

0 22 

0 15 

Ether extract non -volatile 

7 7 

4 90 

Starch and mattcis con- 



vertible into sugar 

51 6 

42 88 

Fibre 

15 70 

5 76 

Nitrogen 

2 30 

2 00 

Alcohol extract 


8 67 

Starch by diastasc 

39 55 


It contains about 1% of a light green, viscid 
volatile oil, with an odoui similar to that of 
gingci, but tasting like pepper It does not 
come into the retail market, and its chief use is 
in the pickling and canning trade, and, formerly, 
at all events, for the adulteiation of black ami 
white pepper (q v ), for which puipose it may be 
bleached 

It has been used medicinally as a stimulant 
and carminative. 

T McL. 

PEPPERMINT, OILS OF (v, Vol VIII, 
6606). 

PEPSIN. This enzyme, which is the prin- 
cipal proteolytic agent of the gastric juice of 
animals, fish, and birds, was discovered in 1836 
by Schwann (Muller’s Archiv 1836, 90). It is 
produced by the “ Hauptzellen ” (pejitic cells) of 
the gastric mucosa in its zymogen form (pep- 
sinogen), which IS converted into the active form 
by the hydrochloric acid elaborated by the 
parietal (oxyntic) colls (Carlson, Physiol Rev. 
1923, 3, 1). This change is autocatalytic under 
acid conditions (Herriott and Northrop, Science, 
1936, 83, 469) The existence of pepsinogen was 
first suggested in 1874 by Ebstein and Grutzner 
(Pfluger’s Archiv 1874, 8 , 122) and it was first 
obtained from the gastric mueosa of pigs by 
Langley in 1882 (J. Physiol. 1880-82, 3, 246). 
It diflers from pepsin in that it possesses no 
enzymic properties and is not destroyed by weak 
alkah at pH 8, whereas pepsin is inactivated 
under these conditions. Pig and cow pepsin and 
pepsinogen have been obtained crystalline by 
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Northrop and his colleagues (J. Gen. Physiol. 
1930, 13, 739, 767 ; 1933, 16, 615 ; 1938, 21, 
501 , Science, 1929, 69, 580 , 1936, 83, 469) and 
salmon pepsin by Non is and Elam (ibid, 1939, 
90, 399, J Biol. Chem 1940, 134, 433) Cry- 
stalline pepsin appears to be a type of globulin 
and contains phosphorus and chlorine Its 
molecular weight vanes from 35,000 to 70,000, 
depending on the method of estimation, e g , the 
ultracentrifuge gives 35,500 (Philpot and Eriks- 
son-Quensel, Nature, 1933, 132, 932) The iso- 
electric point is about pH 2 7 and the optimum 
pH 1 5-2 0, the pH of normal gastric juice 

In the alimentaiy tract pepsin is the fiist 
enzyme concerned in the hydrolysis of proteins 
It attacks the peptide links, yielding proteoses 
and peptones, together with small amounts of 
ammo-acids Most proteins are susceptible to 
attack by pepsin, but notable exceptions are 
scleroprotems, e g , the fibroins and the keratins 
which aie, in geneial, not hydrolysed 

The activity of pepsin picparations may be 
measured by the usual methods, e q , clotting of 
milk, foimol titration, formation of non-pro- 
tein nitiogen in protein solutions, viscosity 
changes of protein solutions (see Northrop, J 
Gen Physiol 1933, 16, 41) A more recent 
method, which is very suitable, makes use of the 
digestion of h<emoglobin by the enzyme, with the 
estimation of the tyrosine liberated (Anson, 
J Gen Physiol 1938, 22, 79) 

H G. B 

PERABRODIL. Diethanolamine 3 5-di- 
iodo-4-pyridone-N -acetate. “ Diodnne ” Drug 
used for intravenous pyelography. B P.C Supp 
III (v Synthetic Drugs). 

S E 

PERCAINE (v NurERCAiNE Hydrochlo- 
ride, Vol. VIII, (Slid), 

S. E 

PEREZONE. Pipiizahoic acid, C15H2QO3, 
2-hydro\y-3-methyl-6-(a€-dimethyl-2|5-hexenyl) 
bcnzoquinonc. 


MeCH 

I II 

HgC HC 

MeoC^H 


CO 

^ OH 

II II 

CMe 
O 


Perezorie is obtained from Radix perezm, a purga- 
tive drug in native Mexican medicine derived 
from the plant Trixis pipitzahauac (Fam Com- 
positse) The root when extractecl with cold 
alcohol (Fichter et al , Annalen, 1913, 395, 1) 
yields 5% of perezone, deep orange leaflets from 
alcohol, rap 104°c (sublimes) It is not optically 
active in alcoholic solution but has [a]^^ —17° 
m ether The optical rotation and the melting- 
point are depressed by sublimation, owing to 
facile racemisation Remfry (JOS 1913, 103, 
1, 1076 , cf following reference) prepared amlido- 
perezone, dark violet needles, m p 135°c , and 
salts of the geneial foimula, CigHjgOgM. The 
structural formula of perezone stated above, 
proposed by Kogl and Boer (Rec. trav. chim. 
1935, 54, 779) IS based on the following reactions . 
the methyl and ocitenyl side chains are indicated 


by oxidation of perezone with hydrogen per- 
oxide to acetic acid and a nonenoic acid, and 
were shown to be in the para position to each 
other by distillation of perezone with zinc dust 
and oxidation of the product to give terephthalic 
acid. The location of the hydroxyl group is sup- 
ported by its failure to form an mternal con- 
densation product. The carbon structure of the 
long side chain is revealed by the formation of 
acetone on oxidation, by its asymmetry and by 
the synthesis of the 2 6-dimethyllioptanoic acid 
identical with the racemised acid from the oxida- 
tion of dihydroperezone. The position of the 
double bond in the long side chain is indicated 
by the formation of acetone peroxide when tri- 
acetylleucoperezone is oxidised. Perezone has 
one active hydrogen atom (Zerewitmoff) 

The antihsemorrhagic activity of perezone has 
been studied by Giral (A. 1942, III, 702) who 
found a vitamin- -fiT activity (v Vol. VII, 87a, 
89a) comparable with that of 2.5-dimcthyl-1.4- 
benzoqumono. 

J N G 

PERFUMES, SYNTHETIC. During the 
past throe decades an increasing use has been 
made of synthetic chemicals in perfume mix- 
tures. Although compounds differing widely in 
chemical propeitios can bo employed to intro- 
duce similar odour sensations it is convenient to 
deal with these compounds as groups of chemical 
compounds rather than in divisions based on 
odour similarity. 


Alcohols 

n-Nonyl Alcohol has a sharp rose-like odour. 
It IS jnepared by t educing ethyl pelargonate 
with sodium and alcohol (G.P. 164294,1903) or 
by leducing ethyl iionylonato (V H Harding 
and C Weizmann, JCS 1910, 97, 304) The 
alcohol has m p —5°, bp 107 5°/ 15 mm , 

0 8279, 1 4382 

n-Decyl Alcohol possesses a sweet flower-like 
odour It can bo prepared by reducing ethyl 
caproate with sodium and alcohol (L Bouveault 
and G Blanc, G P 164294, 1903) or by hydro- 
genating methyl caproate (W. Schrauth et al , 
Ber 1931, 64 [B], 1318) n-Decyl alcohol has b p. 
120712 mm , pf 0 8297, 1 4372 

Nerol IS probably a mixture of trans-2'^-di~ 
methyl-J^’®-octadien-8-ol and trans-l 6-di- 
methyl-J-’®-octadien-8-ol (J L. Simonsen and 
L N. Owen, “ The Terpenes,” 2nd ed., Cam- 
bridge University Press, 1947, Vol I, p. 54). It 
possesses a delicate rose-like odour and is in- 
valuable in preparing certain high-grade perfume 
mixtures. Nerol can be isolated from essential 
oils (H. von Soden and W. TrelF, Ber. 1906, 39, 
906) and synthetic methods dependmg upon the 
following are stated to be in use ; (1) when 

linalool IS acetylated a proportion of geranyl 
and neryl acetates is produced (O. Zeitschel, 
ihid 1906, 39, 1780; GP 165894-5-6, 1903); 
(11) reduction of citral by Ponndorf’s method 
(Z. angew. Chem. 1926, 39, 138 ; R. Somet, 
Rev. Chim. Ind. 1930, 39. 98) leads to a mixture 
of geraniol and nerol , it has also been claimed 
that geraniol can be converted into nerol by 
heating with a metallic alcoholate (G.P, 462896, 
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1924); (m) geraniol yields with halogen acids 
addition products which on treatment with 
alkali give a mixture of alcohols containmg nerol 
(BP. 127S76, 1918). Nerol has b.p. 125°/25 
mm., 0‘8813. 

Citronellol is most probably a mixture of 
2:6-dimethyl-J2.octen-8-ol and 2*6-dimethyl- 
Ji-octen-8-ol (J. L. Simonsen and L. N. Owen, 
op. cit.y Vol. I, p 36). The Z-form is present in 
geranium oil and the d- modification is obtained 
by reducing suitable alcohols or aldehydes. The 
d-form 18 much cheaper in price than the Z-form 
but 18 less highly esteemed by perfumers than 
the naturally occumng alcohol. Citronellol may 
bo obtained by reducing geraniol with sodium in 
an inert solvent (G.P. 266716, 1911), by cata- 
lytic reduction of citral (R. Adams and B. S. 
Garvey, J. Amer. Chem Soc. 1926, 48, 477 ; 
G P. 298193, 1913) ; and by reducing citronellal 
(U S.P. 1802468, 1931 ; A. Lewinsohn, Perf and 
Essent. Oil Rec 1923, 14, 360, BP. 301577, 
1927 ; H. Rupe and R Rinderknecht, Holv 
Chim. Acta, 1924, 7, 541 , Amor. Chom Abstr , 
1922, 16, 2813). A process of synthesising 3 7- 
dimethyl-J^-octen-6-ol has been claimed to be 
economical starting from methylheptonol (G P 
423644, 1924). 

3:7-Dlmethyloctan-l -ol, which has a roso- 
like odour, has been obtained as a reduction 
product of geraniol (R. Willstkttor and E W 
Mayer, Ber. 1908, 41, 1479), citronellol (A 
Haller and C. Martino, Compt. rend 1905, 140, 
1303), citral (G.P 298193, 1913) and citronellal 
(H. Rupe and R. Rinderknecht, Helv Chim 
Acta, 1924, 7, 541). It has bp 118°/15 mm, 

0-849, 

Farnesol is a commonly occurring sesquiter- 
pene alcohol found in small proportions chiefly 
in rather valuable blossom oils The pure 
alcohol possesses a faint floral odour. It can 
be obtained from ambrette seed oil by saponifi- 
cation and isolation through the hydrogen 
phthalate (L. Ruzicka, Helv. Chim. Acta, 1923, 
6 , 497). Synthetically it is obtainable by treat- 
ing nerolidol with acetic anhydride (G P 
469665, 1923). Farnesol has b.p. 145-146712 
mm , p 0 886-0 898, 1 4877-1 4924, aj)±0^. 

Nerolidol. — The d-form of nerolidol has been 
found in orange blos&om oil and in Peru balsam 
oil from which it can be obtained by saponifi- 
cation (L. Ruzicka, Helv Chim Acta, 1923, 6, 
492). dZ-Nerolidol has been S 5 nithesised by con- 
densing geranyl chloride with acetoacetic ester 
and treating the resulting ketone with acetylene 
and sodamide to give dehydro -di-nerolidol which 
was reduced with sodium and ether to dU 
nerohdol (B.P. 213250, 1924 ; U.S.P. 1644546, 
1927). 

a-Terpineol , which occurs widely in essential 
oils (d-, Z-, and di-forms) has an odour of lilac 
The synthetic product, which is optically in- 
active and usually con tarns some j3-terpinool and 
terpinen-1-ol, is of the greatest importance in 
perfumery and the literature dealing with its 
preparation is very extensive. Terpineol can 
be obtained directly from turpentine oil (a- and 
/3-pinene) by treatment with suitable reagents 
(P. Barbier and V. Grignard, Compt. rend. 
1907, 145, 1426; F. G. Germuth, Amer. J. 


Pharm 1927, 99, 402, G P. 223795, 1907; 
USP. 2060597, 1936, 2178349, 1939). The 
usual piocoss involves conversion of the pineno 
into terpin hydiatc and removal of the elements 
of watci from tlic latter (H Tatu, Technique 
Modeme, 1928, 20, 264, BP. 153606, 1919; 
S L. Malowan, Perf and Essent. Oil Rec. 1933, 
24, 81 , U S P 2088030, 1937). Processes have 
also been devised to isolate the terpineol from 
the pine oil obtained by destructive distillation 
or by a steam solvent process, from pine wood 
(II S P. 1743403, 1930 , 1961398, 1934 , 2052742, 
2052743, 1936) 

Benzyl Alcohol, PhCHgOH, has a mild 
pleasant aromatic odour and is widely used in 
the preparation of pci fumes The alcohol can 
be obtained by boiling benzaldehyde with soda 
lye (F. Ullmann, Enzyklopadie dor technischen 
Chemie, 1928, 2, 286) or treating benzyl chloride 
with similar leagents (A. Lewinson, Chemical 
Products, 19.39, 2, 14, GP 484662, 1926, 
U S P 2221882, 1940) Benzyl alcohol has b p 
93710 mm , p]l ] 050, 1 5395 

/S-Phenylethyl alcohol, Ph-CHj-CHa OH, 
which imparts tlie characteristic odour to rose 
water, is a most important perfumery chemical 
and the liteiature defiling with its preparation is 
extensive Of the loutes available it appears to 
be most frequently prepared commercially by 
reducing ethyl phenylacetate (1 Herold, Dent 
Parfumerie-Ztg 1931,17,54, 1^ Bouveaultand 
G Blanc, Compt rend 1903, 136, 1676, C S 
Leonard, J Amer. Chem. Soc. 1925, 47, 1774 , 
I\r. H Ittner, Chem and Ind 1942, 20, 139, 
B P 385625, 1930) The alcohol is obtainable 
by reducing the triglyceride of phenylacetic acid 
(G Darzens, Compt rend 1 937, 205, 684) 
Grignard {ibid. 1905, 141, 44) derived the alcohol 
by decomposing Ph CHgCHgO MgBr, and 
this route was later ro-mvestigated {e g , F.P. 
807632, 1937; U S P. 2058373, 1936, Chem 
Zentr 1935, it, 922) Phenylethyl alcohol can 
also bo produced by the Fried el-Crafts method 
from benzene and ethylene oxide in the presence 
of suitable condensing agents (e g , U.S P 
2013710, 1935, 20209618, 2047396, 1936) For 
other methods reference should be made to 
G P 596523, 1932 , B P. 320424, 1928 , J von 
Braun and G Kochendorfer, Ber 1923, 56 [B], 
2176, U.SP. 2185141, 1937, G P. 504861, 
1924 Phenylethyl alcohol has b.p 104°/12mm., 
1 0242, 1 532. 

Cinnamyl Alcohol, Ph CH.CH-CHg-OH, 

has a pleasant hyacinth -like odour. It can be 
obtained as a saponification product of storax 
(A. Lewmsohn, Perf and Essent. Oil Rec. 1924, 
15, 118) or by reducing cmnamaldehyde (G P. 
535964, 1924). Cmnamyl alcohol has m.p 33°, 
b p. 258°/760 mm , 1 5819, pi® 1-02. 

A Note on Carhinols — Various carbinols and 
derivatives are of value in perfumery and the 
foilovmg are perhaps the more well known 
dimetliylbenzylcarbinol (V Grignard, Compt 
rend 1900, 130, 1322, M Tifieneau and R 
Delange, ibul 1903, 137, 675 ; A Klages, Ber 
1904, 37, 1723 , A Reclaire, Deut Parfumene- 
Ztg 1929, 15, 285 , J. Salkmd, Chem. Zentr. 
1916, n, 384) ; dimethylphenylcarbmol (M. 
Tissier and Guignard, Compt. rend. 1901, 182, 
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1184) trichlorophenylmethylcarbinol and its 
acetate (A. Lewmson, Riechstoffindustne, 1936, 
10, 121 ; A A. Morton and J. R Stevens, J. 
Amer. Chem. Soc 1931, 68, 2244). 

Phenylethyleneglycol, 

Ph CH(OH) CH 2 OH, 

has a mild gardenia-like odour and certain 
esters are stated to be valuable in perfumery 
(W. A. Poucher, Perfumes, Cosmetics, and Soaps, 
1941, 1, 341) The preparation of the glycol 
and the diacetate have been described (Th 
Zincko, Annalen, 1882, 216, 286 ; W L Evans 
and L. H Morgan, J Amer Chem. Soc 1913, 
35, 54 , L Palfrav, S Sabatay, and D. Sontag, 
Compt. rend 1931, 193, 942, U.S.P. 1626398, 
1927). 

Ethers. 

p-Cresyl Methyl Ether, which is a con- 
stituent of ylang-ylang and wallflower oils, can 
be prepared by methylating p-cresol with methyl 
sulphate under appropriate conditions (I. 
Herold, Deut Parfumerie-Ztg 1931, 17, 175) 
It has bp 175°, pj® 0 975 

Diphenyl Ether, Ph O Ph, has a strong and 
penetrating odour of geranium and is widely 
used in soap pei fumes The ether is obtained 
by heating bromobenzene with potassium phen- 
oxide in the presence of a copper catalyst (F 
Ullmann and P Sponagel, Ber 1905, 38, 2211) 
or from chlorobenzene and dry potassium phen- 
oxide m an autoclave (G.P. 269543, 1912, cf 
U S P. 1744961, 1930) or from sodium phen- 
oxide and sodium benzene sulphonate (U.S.P 
1372434, 1921). Under appropriate conditions 
diphenyl ether can bo prepared from chloro- 
benzene and sodium hydroxide using phenol as a 
flux (U.S.P. 200987, 1933) and from phenol itself 
by heating with an activated silicate m an auto- 
clave (G P. 530736, 1929). Methods of prepara- 
tion have been reviewed by Murat (Parfumerie 
Moderne, 1922, 15, 51). Diphenyl ether has 
m p 28°, b p 259° 

Ethers of j 3 -Napthol. — The methyl ether 
(m p 72°) {nerolin, yara-yara) can be obtamed 
by refluxing methyl alcohol, /3-naphthol and sul- 
phuric acid (L. Gattermann, Annalen, 1888, 244, 
72) or by treating a solution of the spdium salt 
of the phenol with methyl sulphate (R. Somet, 
“ La Technique Industrielle des Parfums 
Synth6tique,” Pans, 1923). The ethyl ether 
(m p. 37*5°) (hromelia) has been prepared from 
ethyl alcohol, sulphuric acid, and )3-naphthol 
(C. Licbermann, and A. Hagen, Ber. 1882, 15, 
1428 ; W. A. Davis, J C S. 1900, 77, 35) , by the 
interaction of j3-naphthol and acid amides con- 
taining the group 


(R=alkyl) (G.P. 189843, 1906; 224388, 1906) 
and from /3-naphthol, sodium hydroxide, and 
ethyl sulphate (A R Cade, Chem. Met Eng 
1923, 29, 320). The imhutyl ether of jS-naphthol 
(m p 37 6°) (fragarol) can be prepared from %so- 
butyl bromide and an alcoholic solution of the 
sodium salt of the phenol (F. Bodroux, Compt. 
rend. 1898, 126, 841 ; A. B. Wang, J. Chinese 


Chem. Soc 1933, 1, 60) The methyl and ethyl 
ethers have a neroh-liUe odour and the i^obutyl 
ether a delicate fruity odour. 

ALDEH^ DKS. 

n- Heptaldehyde (ocnanthol), CgH^g CHO, 
can be obtained, together with undecylenic acid, 
by distilling castor oil (F Krafft, Bor 1877, 10, 
2034; 1880.13,1413; 1888,21,2733, U.S.P 
1889348, 1932) and rupture of the ricinoleic 
acid is facilitated by introduction of a stream of 
air (G P. 167137, 1904) or by heating the oil 
in a thinly extended foim (U S P. 1697337, 
1929) The aldehyde may also be prepared by 
pyrogenetic decomposition of methyl ricin- 
olcate(P S Panyutm, Amer Chem Abstr. 1928, 
22, 3392 , S S Nametkm and R Y. Shagalova, 
ibul 1942, 36, 3781) Heptaldehyde has bp 
152 8°, p" 0 8216, 1 4257, semicarhazom 

m p. 109°, and possesses a sharp, persistent, 
fruity odour so that it is rarely used in perfume 
mixtures, but it is an extremely important 
starting material for various perfumery and 
flavouring materials such as methyl hoptyno- 
carboxylate and y-w-amylbutyrolactone. 

n-Octaldehyde, C 7 H 15 CHO (detected in 
lemon and lemongrass oils), has a sharp lemon- 
odour, which at the same time resembles that of 
heptaldehyde, and can be used in traces 111 
perfume mixtures The aldehyde tan bo ob- 
tained by passing caprylic acid and formic acid 
over catalysts at elevated tempeiatures (P. 
Sabatier and A Mailhe, Compt rend 1912, 154, 
563) or on similar treatment from octyl alcohol 
(R. H Pickard and J Kenyon, J C S. 1911, 99, 
56) It has been obtained synthetically by 
various routes from heptaldehyde (L. Bouveault 
and A Wahl, Compt. rend 1902, 134, 1228 , I. J. 
Rinkos, Rec trav. chira. 1926, 46, 820). Tech- 
nically it IS obtained from coconut oil, the oil 
18 saponified and esterifiod with methyl alcohol 
and the methyl w-caproate obtamed by fraction- 
ation 18 reduced with sodium and alcohol to n- 
octyl alcohol which is oxidised with dichromate 
to the aldehyde (A Wagner, “ Die Aldehyde,” 
Leipzig, 1930, III, p 413) w-Octaldehyde 
(caprylic aldehyde) has b p 237°, 1 4285, 

seinicarhazone m p. 101°. 

n-Nonaldehyde, CHO, has arose- and 

tangcrine-like odour and is used in various per- 
fume mixtures The aldehyde can be prepared 
by vacuum distillation of a mixture of the 
barium salts of formic and pclargonic acids (G.P. 
126736, 1900) and by decomposition of oleic acid 
ozonide(GP 321567, 1918; 32466.3, 1916; S. 
Tsikawa and A. Miyata, Amer. Chem Abstr. 
1940, 34, 981) Technically it is prepared by 
oxidation of 7i-nonyl alcohol by passing vapour 
of the alcohol at 3-5 mm. over a copper catalyst 
(A. Lewmsohn, Perf. and Essent. Oil Rec. 1924, 
15, 12) or by using oxidising agents such as 
chromic acid or copper oxide (A Wagner, op 
at , p. 153) The aldehyde can be prepared 
directly from 71 -nonoic acid by reduction, using 
manganous oxide catalyst (R Shagalowa, Amer 
Chem Abstr 1936, 30, 1026) The aldehyde has 
bp. 190-192°, 0 8277, 1*4245, aemicarba- 

zone m p. 100°. 
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n-Decaldehyde, CgHj^g CHO, has a spicy, 
orange-like odour. It can be prepared by the 
general methods given above and by the action 
of diethylformamide on the Grignard compound 
obtained from magnesium and w-nonyl chloride 
(L. Bouveault, Bull. Soc. chim. 1904, [iii], 31, 
1326). Bagard (ibid, 1907, [iv], 1 , 308, 356) 
showed that the aldehyde was obtained on heat- 
ing a-hydroxyundecoic acid. Decaldehyde can 
be obtained m high yield from the oil distilled 
from the green parts of the coriander plant (L 
Ya. Bryusova, R. Yu. Shagalowa, and N. 
Novikova, Amer. Chom Abstr, 1942, 36, 3781) 
The aldehyde has b p. 208-209®, 0 828, 

1 4298, aemicarhazone m.p. 102°. 

n-Undecaldehyde, CioHgi-CHO, has a 
tenacious somewhat rosc-bke odour. It can be 
prepared by the general methods outlined above, 
although technically it is usually prepared by 
the method of Blaise and Guerin (Bull Soc. chim 
1903, [ill], 29, 1202) Details of the larger scale 
preparation of this aldehyde have been given bv 
Lewmsohn (Porf. and Essent. Oil Rec. 1924, 15, 
79), and Davies and Hodgson (J.S.C.I 1943, 62, 
128) have recently investigated the method. 
The aldehyde has bp 116-117718 mm., pf 
0 8251, 1 4322, seynicarhazone m.p. 103°. 

n-Dodecaldehyde, CuHga-CHO (lauric 
aldehyde), has been detected m the oil of Ahies \ 
pectinata and has a fatty pungent odour whi<*h 
m dilute solution resembles somewhat that of i 
the wild violet. The aldehyde can be obtained I 
by heating a mixture of the barium salts of 
formic and lauric acids (F. Krafft, Ber. 1880, 13, 
1413) , by passing a mixture of the vapours of 
the acids over a manganous oxide catalyst at 
elevated temperatures (S S NametkinandO M 
Khol’mer, Amer Chem. Abstr. 1942, 36, 3629) , 
by reaction between calcium laurate and formal- 
dehyde in the presence of steam (U.S P. 2145801, 1 
1939) and by treating lauric acid with hydrogen 
at elevated temperatures in the presence of a 
mild hydrogenation catalyst (U S P 2105540, 
1938) Dodecaldehydo can bo prepared from 
lauryl alcohol by oxidation with chromic acid 
(E Blaise and G. Gu6iin, Bull 8oc chim 1903, 
[ill], 29, 1117, 1202), by catalytic oxidation 
(C. Moureu and G. Mignonac, Compt. rend. 
1920, 170, 258 ; 1920, 171, 652 ; R. R. Davies 
and H. H Hodgson, J C S 1943, 282) or by 
catalytic dehydrogenation (A Halasz, Amer 
Chem Abstr. 1940, 34, 1970) The aldehyde is 
a white, waxy, solid, m p. 43-44°, bp 121°/10 
mm., semicarhazone m p. 101 5-102*5°. 
Methyl-n-nonylacetaldehyde, 

CgHig-CHMeCHO, 

has a persistent odour resembling that of a 
lemon-orange-ambergns mixture. The aldehyde 
is usually prepared by saponifying and distilling 
%n vmuo the glycidic ester prepared by con- 
densing methyl nonyl ketone with ethyl mono- 
chloroacetate (G. Darzens, F.P. 337175, 1903, 
c/. E. K. Smol’yanmova, Amer. Chem Abstr. 
1942, 36, 3782) Sommelet (Bull. Soc. chim. 
1907, [iv], 1, 408) prepared the aldehyde by 
heating l-ethoxy.2-methylundecan-2-ol with 
formic acid. Methyl-7i-nonylacotaldehydo has 
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b.p 114710 mm., Wd 1 4320-1*4450, p 0-829, 
aemicarhazone m.p. 85°. 

Higher Aldehydea , — Attention has been drawn 
(Schimmel’s Repoit, 1927, p 132 , 1928, p. 108) 
to the regrettable use of misleading trade names, 
to describe mixtures of lactones and esters (e g , 
so-called aldehydes C14 to C31). 

Hydroxycitronellal was introduced into 
perfumery as early as 1905, although a method 
of preparation had not then been published, and 
it IS still widely used It can be prepared by the 
action of sulphuric acid on citronellal-bisulphite, 
-cyanohydrin, or -cnolacylato (A Verlcy, Bull. 
Soc chim 1928, [iv], 43, 848; H. Schmidt, 
Schimmel’s Report, 1938, p. 124 ; L. M. Labaune, 
Revue des Marques Farfums de France, 1939, 
17, 82, CSF. 2235840, 1941). It is claimed 
that a 30% yield of hydroxycitronellal is obtain- 
able by the action of 37-40% sodium h}^ dioxide 
solution on dry citroncllal-bisulphite (S. S. 
Nametkin and 0 M Khormor, Amer. Chem. 
Abstr 1942, 36, 3782) Improved yields are 
claimed (U S.P 2306332, 1942) by the action of 
hydrochloric acid on citronellal-hydrosulphonic 
acid Hydroxycitronellal has b p 116°/5 mm., 
1 456, p"® 0 931 

Benzaldehyde is the mam constituent (98- 
of the essential oils of bitter almonds, 
peach kernels, and apricot kernels. Synthetically 
it has been prepared by numerous methods 
Commercially, the aldehyde is derived from 
toluene, usually through the intermediate side- 
chain halogen derivatives or by direct oxidation 
(J. Me Lang, Chem. Trade J 1926. 79, 191, 307 , 
G P 82927, 1894 , M P Ger, Amer Chem 
Abstr. 1936, 30, 3838, GP 101221, 1897, 
K. Kakiitam and N Yamaguchi, Amer Chem 
Abstr. 1929, 23, 3217, A P. Kreshkov, ibid, 
1941, 35, 1415; G P. 347583, 1917; USP 
2199585, 1940) Other processes involve pass- 
ing benzoic acid or phthalic acid and carbon 
I monoxide over an iron catalyst at 400° (G P. 
539756, 1926; II S P 2018350, 1935) and treat- 
ing benzene with carbon monoxide under pres- 
sure using an aluminium chloride catalyst 
(U.S P. 1989700, 1933). Benzaldehyde has m p. 
-26°, b p. 179°/751 mm , pf 1*0504. 

p-Tolualdehyde has a powerful odour re- 
sembling bitter almond oil and black pepper oil. 
ft can be prepated by oxidising p-\ylono (E. 
Bornemann, Ber 1884,17,1467, H 1) Law and 
F M Perkin, J C.S. 1907, 91, 262 , G 1^ 101221, 
1897), from toluene and carbon monoxide (L. 
Gattermann and J. A. Koch, Ber. 1897, 30, 1623 , 
G P 281212, 1913) and fiom xylyl biomide on 
tieatment with a solution of hexamethylene 
tetraminc(GP 268786, 1913) p-Tolualdehyde 
has bp 98-100°/20 mm., 1 5484, i 972, 
aemicarbazone m p 219-220°. 

Phenylacetaldehyde, Ph CHg CHO, and 
its dimethylacetal are widely employed in per- 
fumery. Numerous methods of pieparation 
have been utilised. The aldehyde can be ob- 
tained on a technical scale by oxidising phenyl- 
ethyl alcohol with chromic acid (A. Wagner, 
op, cit,y 1929, II, p 570) or by catalytic methods 
(A. R. Guseva, Amer. Chem. Abstr. 1942, 36, 
3794). When a mmeral or suitable organic acid 
is added to an aqueous solution of the sodium 
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salt of phenylglycidic acid, carbon dioxide is 
evolved and phenylacetaldehydo is obtainable 
on stcam-distillation (E. Erlenmeyer and A. 
Lipp, Annalen, 1883, 219, 182; G.P. 107228, 
1898 , 107229, 1898 , W. Uieckmann, Ber. 1910, 
43, 1036; BP. 372013, 1931). Sabatier and 
Maiihe (Compt rend. 1914, 158, 985) prepared 
the aldehyde by passing the vapour of phenyl- 
acetic acid in the presence of formic acid over 
a manganous oxide catalyst at 300-360° and 
methods of producing the aldehyde by catalytic 
reduction of phenylacotic acid have also been 
investigated (P. P. Shorygm et aL, Amer. Chem. 
Abstr 1912,36,3794) liosonmund and Zetzscho 
(Ber 1921, 54 [B], 437) obtained an 80% yield 
of phenyl acetaldehyde by hydrogenating a solu- 
tion of the acid chloride of phenylacotic acid in 
toluene using a palladium-barium sulphate 
catalyst Grignard and Escourrou (Compt. 
rend 1925, 180, 1884) by hydrogenating benzyl 
cyanide, using a platinum oxide catalyst, 
obtained phenylethanaldimine which was hydro- 
lysed with potassium hydroxide solution to 
ammonia and phenylacetaldehydo (cf II 
Stephens, J C.S. 1925, 127, 1874 , I Herold, 
Dent. Parfurmene-Ztg 1931, 17, 246). Other 
processes have been described by Langhcld 
(G P 226226, 1909) and Kodama (Amer. Chem. 
Abstr. 1922, 16, 106). Phenylacetaldehydo has 
b.p 88°/18 mm , ri^, 1 525/5, 1 0272 

p-Methoxyphenylacetaldehyde has a pun- 
gent odour lesomblmg hawthorn blossom It 
tan be obtained by oxidising p-mothoxy sty rone 
with mercuric oxide and iodine (M. Tilleneau, 
Ann Chim Phys 1907, [viii], 10, 350 , C 
Mannich and W. Jacobsohn, Ber. 1910, 43, 
195) and by the oxidation of mcthyldiavicol 
with ozone iii the presence of benzene and 
water (cf C Haines and H Adams, ihid 1916, 
49, 1032). p-M ethoxy phenylacetaldehyde (homo- 
anisaldehyde) has bp 117-11979 mm., 

1 5359, 1 096, semicarbazone rn p. 175-176°. 

p-M§thylphenylacetaldehyde has a pun- 
gent odour resembling that of phcnylacetalde- 
hydo It can be prepared by various methods 
(K. Auwers, ibul, 1906, 39, 3761 , K Kling, 
Chem Zontr 1908, i, 951 , E. Spath, Ber 1914, 
47, 767 ; Monatsh 1915, 36, 9), but is probably 
most readily obtained by Darzen’s method fiom 
^-methylbenzaldehyde (G P 591452, 1930) 
Methylphenylacetaldehyde has m p ca, 40°, b p. 
96°/10 mm., semicarbazone, m p 208°. 

Vanillin (4 - hydroxy - 3 - methoxy benzalde- 
hyde), present to the extent of 1 5-2 5% in 
vanilla pods, is widely used in perfumery, con- 
fectionery, and foodstuffs. Vanillin was first 
produced synthetically in bulk by oxidising 
coniferyl alcohol (G.P. 676, 1877) In 1876 
Reimer (Ber 1876, 9, 423) showed that the 
aldehyde could be prepared by heating guaiacol, 
chloroform, and aqueous sodium hydroxide. 
Methods have been based upon the interaction 
of guaiacol with formaldehyde (G P. 105798, 
1898; B.P. 161679, 1920; J McLang, Chem. 
Trade J. 1926, 79, 35). Guaiacyl tnchloro- 
methylcarbmol gives vanillin on saponification 
and oxidation (B P. 219676, 1923). Vanillm 
can bo prepared by methylation of protocate- 
chmc aldehyde with a methyl halide under suit- 
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able conditions (G.P. 63007, 1890) or methyl 
sulphate (G.P. 122851, 1900). The most widely 
used method of preparation is still that from oil 
of cloves, which contains 75-90% of eugenol, 
via isoeugenol. Detailed processes have been 
given by a number of authors including Wagner 
(op. cit , 1930, IlI-IV, p 940) , McLang (Chem. 
Trade J. 1925, 77, 3) and Herold (Deut. Par- 
fumerio-Ztg 1936, 22, 35, 49, 67, 84). AcetyUso- 
eugonol 18 oxidised with a sodium dichromate- 
sulphuric acid mixture in the presence of sul- 
phanilic acid or p-aminobenzoic acid (Swiss P. 
89053, 91088, 1919) to acetyl vanillin, which 
18 converted into the bisulphite compound, 
the acetyl group removed by boiling with watei , 
and the liquor, treated ^\lth a calculated 
quantity of sulphuric acid, heated to remove sul- 
phur dioxide, and the vanillin allowed to crystal- 
lise Other methods depend upon the oxidation 
of allcall isoeugenoxides with nitrobenzene (B P. 
285451, 1927; 417072, 1933, 529134, 1939, 
G P. 578037, 1931 , 580981, 1932) or oxidising 
i^oeugonol itself with air containing ozone 
(G.P. 97620, 1895). Processes for converting 
safrole into i^oeugenol (B.P. 285156, 285551, 
1926, EP. 326775, 1902) do not appear to 
have proved successful commercially up to 
the present Methods have subsequently boon 
developed for producing vamllin from lignin - 
containing materials (B.P. 319747, 1928 , 

E Legcr and H Hibbert, J. Amer Chem Soc 
1938, 60, 565; R II J Creighton, J L 
McCaithy and H. Hibbert, xbid. 1941, 63, 312, 
3049, K Ereudenberg, W. Lautsch, and K. 
Engler, Ber. 1940, 73 [B], 167, I. A. Pearl, 
J Amor. Chem Soc. 1942, 64, 1429) VaniUin 
hasmp 81-82°, bp 170°/15 mm 

Ethyl van 1 1 1 1 n (4-hydro xy-3-ethoxy benzalde- 
hyde) has an odour three to four times as intense 
as that of vanillin itself It can be prepared 
from pyrocatechol monoethyl ether using the 
Roimer-Tiemann method (G.P. 90395, 1894) , 
by ethylating piotocatechuic aldehyde (G.P. 
81071, 1894) and by various processes from 
safiole or isosafrole (B P. 285156, 1926 , 285451, 
290649, 309929, 1927; 317381, 1928; G.P 
505404, 557547, 562007-8, 1925. Other methods 
involve the oxidation of 4-hydroxy-3-ethoxy- 
phenylglycollic acid or of a-(3-ethoxy-4-hydroxy- 
phenyl)-j8)3j3-trichloroothanol(B.P. 145263, 1933 , 
453482, 1935, Dutch P. 41184, 1935) and of 1- 
hydroxy - 2 - ethoxy - 4 - methylbenzene (N. 1. 
Wolinkm and P. J. Loschakow, Chem Zentr 
1938, n, 1861). Ethylvanillin has m.p. 77 5°. 

Anisaldehyde (p-methoxybenzaldehyde), has 
an odour resembling that of blossoming haw- 
thorn and 18 a widely used constituent in 
perfume mixtures. It can be prepared (J. 
McLang, Chem. Trade J. 1926, 79, 190; I 
Herold, Deut Parfumerie-Ztg. 1931, 17, 175; 
H. Hunger, Soifons-Ztg. 1937, 64, 476) by 
oxidismg anethole with chromic acid, preferably 
m the presence of sulphanilic acid ; with 
ozonised air (G P 97620, 1895) or by electrolytic 
oxidation (F. Eichter and A. Christen, Helv. 
Chim. Acta, 1925, 8, 333 ; cf. E. Briner, H. von 
Tscharncr, and H. PaiUard, thid. 1925, 8 , 406). 
Alternatively the aldehyde can be prepared by 
oxidising p-cresyl methyl ether. Anisaldehyde is 
obtamable from anisole by the Gattermann 
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method (L E Hinkcl, E E Ailing, and J II 
Beynon, J.C S. 1936, 674; 1936, 184; E. L 
Niedzielski and F. F. Nord, J. Amer Chem Soc 

1941, 63, 1462; R Adams and E Montgomery, 
ihid, 1924, 4f6, 1618). The aldehyde can bo pro- 
duced by methylating _p-hydroxybenzaldehyde 
Anisaldehyde has m p 0°, b p. 248°/760 mm., 

1-674, pW 1 1228 

Cinnamaldehyde, Ph CH.CH CHO, 18 the 

mam constituent of cinnamon and cassia oils 
and 18 readily isolated therefrom by the usual 
bisulphite method. Synthetically the aldehyde 
18 derived by condensing benzaldehyde with 
acetaldehyde (G Chazcl, La Revue des Produits 
Chimiqucs, 1919, 22, 177) Other methods have 
been described by Bert and Annequin (Compt 
rend. 1931, 192, 1315) Cinnamaldehyde has 
m.p. -7 5°, bp 130720 mm., 1 6195, pf 
1 105 

Dihydrocinnamaldehyde, 

Ph CHgCHgCHO, 

has a strong hyacinth-like odour It can be 
prepared by reducing cinnamaldehyde dimethyl- 
acetal with sodium and alcohol (E Fischer and 
E. Hoffa, Bcr 1898, 31, 1002) or by passing a 
solution of cinnamaldehyde in propanol over an 
aluminium catalyst at 330° (P E Weston and 
H Adkins, J Amer. Chem Soc 1929, 51, 2589) 
or by reducing cinnamaldehyde in alkaline solu- 
tion with activated aluminium amalgam (Chem 
Zentr. 1935, ii, 3011) It has bp 104-105713 
mm , p 20 1 semicarhazone m.p 128° 

a-n-Amylcmnamaldehyde, 

Ph CH C(C5 Hu) CHO, 

has a jasmine-like odour It is prepared by con- 
densing hoptaldehyde with benzaldehyde (B N 
Rutowaki and A I Korolew, J pr. Chem 1928, 
[ 11 ], 119, 272 , A Rosenthal, Deut Parfumene- 
Ztg 1931, 17, 3 , M. Backus, Bull Soc chira 

1942, [v], 9, 63) and has b p 140°/5 mm , 

1 6552, pj® 0 9718 Various other aldehydes 
prepared from heptaldehyde and substituted 
benzaldehydes have been found to possess little 
perfumery value (A. Weizmann, J Amer Chem 
Soc. 1944, 66, 310). 

Cyclamen Aldehyde, 

29- Pr^ CHMe CHO, 

has a powerful blossom-odour resembling that 
of freshly cut cyclamen, lily, and lily of the valley 
flowers. The discoverers of this aldehyde, 
Knorr and Woissenbom (U S P. 1844013, 1932) 
condensed cummaldehydo with propionaldehyde 
to give p-?5opropyl-a-methylcinnamaldehyde, 
which was reduced with hydrogen in the presence 
of a nickel catalyst to cyclamen aldehyde {p- 
t^opropyl - a - methyldihydrocmnamaldehydo) 
Poizat (U.S.P. 2242322, 1941) prepared the 
aldehyde by treating diethyl methylmalonate 
with cuminyl chloride After saponification, the 
cummylmethylmalonic acid was heated at 185° 
to give carbon dioxide with p-i5opropyl-a- 
methyldihydrocinnamic acid, and the latter was 
converted into cyclamen aldehyde by passing a 
mixture of the vapours of this acid and formic 
acid over a manganese dioxide-pumice catalyst 


at 360° Cyclamen aldehyde has b.p. 116°/6 
mm., pi® 0 951. 

Heliotropin (piperonal). 


18 one of the most important of synthetic per- 
fumery chemicals It is obtamed by oxidising 
i50safrole with potassium dichromate and sul- 
phuric acid (C. Ciamician and P Silber, Ber. 
1890, 23, 1159) preferably in the presence of sul- 
phanilic acid (G.P. 207702, 1905) or ^-amino- 
benzoic acid or p-aminobenzaldehyde (Swiss P. 
91087, 91270, 1919). The optimum tempera- 
ture of reaction is claimed to be 46-48° (N. 
Hirao, Amer Chem. Abstr., 1927, 21, 2675, 
2676). ?5oSafrol can be oxidised directly with 
ozonised air (G.P. 97620, 1895 ; J. McLang, 
Chem. Trade J. 1926, 79, 359) Heliotropm 
can be obtained synthetically by treating 
protocatechuic aldehyde with methylene iodide 
(R Wogscheider, Monatsh, 1893, 14, 388) or 
methylene sulphate (W. Baker, J C S. 1931, 
1765). It has m p. 35-36°, b p. 263°. 

Ketones. 

Methyl n-Amyl Ketone, CH3 CO CgHu, 
IS sometimes included in carnation mixtures. 
The most convenient method of preparation 
appears to be that described by Johnson and 
Hager (Organic Syntheses, 1927, 7, 60) from 
ethyl n-butylacetoacetate. The ketone has b p. 
150°/760 mm., p 0'8366. 

Ethyl n-Amyl Ketone, CgHg-CO-CgHji, 
occurs naturally in French lavender oil to which 
it imparts a particular freshness. The ketone 
can be prepared from caprilidine-2 (A. Behai, 
Ann. Chim. Phys. 1888, [vi], 16, 275, A 
Oesgrez, ibid. 1894, [vii], 3, 239) ; from the ethyl 
ester of the corresponding j3-ketonic acid (L. 
Bouveault and R Locquin, Bull 80 c. chim. 
1904, [ill], 31, 1158) or by oxidising ethyl- w- 
amylcarbinol (Chem. Zentr. 1912, i, 17l7). The 
ketone has b.p. 169-1 70°/738 mm., p 0 8502, 

1 4156, semicarbazone, m p 116-116°. 

Acetophenone, Ph CO- Me, which has been 
detected in the essential oil steam distilled from 
gum labdanum (H. Masson, Compt. rend. 1912, 
154, 617), can be prepared synthetically by the 
general organic chemical methods. Special 
economical processes have been evolved for 
large-scale production, e.g.^ ( 1 ) oxidation of ethyl- 
benzene with air at elevated temperatures in the 
presence of a suitable catalyst (U.S P. 1813606, 
i931) ; ( 11 ) passing the mixed vapours of phthalic 
anhydride and acetic acid through a tube con- 
taining manganous oxide at 350-400° (U.S.P. 
1916741, 1931) ; (in) heating a mixture of acetic 
anhydride (or acetic acid) with benzene and 
alummium chloride and using iron, aluminium, 
or zinc as halogen carriers (U.S.P. 1999638, 
1936 ; G.P. 646702, 1933). Acetophenone, 
which IS a soporific, has m.p. 2-6°, b.p. 202°/760 
mm., 94-96°/20 mm., 1 63418. 

p-Methoxyacetophenone (“ Crafaegon"') has 
an mtense odour of hawthorn blossom and is 
especiaUy useful in soap perfumes or in cases 
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when anisaldehydo may be unbuitable It (an 
be obtained by the action of acetyl chloride on 
anisole in the presence of aluminium chloride 
(F. Stiaus, Annalen, 1910, 374, 139). Bougault 
(Compt rend. 1901, 132, 782) obtained the 
ketone by oxidising p-methoxyhydiatropic acid 
or the bisulphite compouml of p-mothoxy- 
hydratropaldehyde. p-Methoxyacctophenone 
has m.p 37°, b.p. 152-154°/20 mm., semicar- 
bazone m.p. 200°. 

p-/soPropylacetophenone has an odour re- 
sembling orris. It can be prepared by the 
Friedel-Crafts method from acetyl chloiide and 
cumene, and has b p. 252-254°/756 mm , 

0 9765 (0. Widman, iW 1888, 21, 2225). 

Benzylacetone, Ph CHgCHg-CO Me, has 
a jasmm-like odour. The ketone has been pre- 
pared (i) by saponifying /3-benzylacetopyruvic 
ester (A. Kotz and E Lemien, J. pr. Chem 1914, 
[ii], 90, 389) ; (ii) by reduc mg benzylideneacctone 
with sodium amalgam (C Harries and G 
Ehchcnbach, Bei 1890, 29, 383), or (iii) by 
boating ethyl benzylacctato with water in a 
sealed tube (H. Meerwein, Annalen, 1913, 398, 
249) Benzylacetone has bp. 115°/13 mm, 
0 9849, 1 511, senucaihazone m p 142° 

Benzylideneacetone, Ph CH CH CO CH 3 , 
has a tenacious odour resembling that of sweet 
pea The compound is most easily pioduced by 
condensing acetone with benzaldchyde in the 
presence of sodium hydi oxide solution (N L 
Diake and P Allen, Ji , Organic Syntheses, 
1941, Coll. Vol. 1, 77, A. Lewinsohn, Perf 
and Essent Oil Rcc 1924, 15, 118) Bcnzyli- 
dencacetone can cause severe skin iiritation , it 
has m.p. 42“, 1) p l.')l -15:J72r) mm , p®" 1 0213, 
aennearhazone m p 185° 

Benzoylacetone, Ph CO CHg CO Me, which 
has a fragrant balsamic odour, is widely used in 
perfume mixtuics The ketone can be obtained 

(i) by hydrolysis of ethyl benzoylacetoacetate 
(E Eischci and H Kuzel, Her 1883, 16, 2239), 

(ii) by condensing acetophenone and ethyl 
acetate in the presence of sodium ethoxide (C. 
Beyer and L Claisen, Bei 1887, 20, 2180), or 
(ill) fiorn ethyl benzoate and acetone using 
sodamide as condensing agent (L Claisen, ibid. 
1905, 38, 695) Benzoylacetone has m.p. 61°. j 

The lonones (y Vol. Adll, 24r, c/, 2r)ayC) — j 
lononc IS available ooramci dally as a-ionone (a- 
cyrZocitrybdencacotone), p-ionono {p-cyclocitry- 
lidcncaoetone) and lonone 100% (a mixture of 
the a- and j8-forms) These pioducts are widely 
used in pcifumery because of their odour of 
violets In attempts to synthesise irone, to 
which the incorrect empirical formula C^gHgoO 
had been assigned. Tiemarm and Kruger (ibid 
1893, 26, 2675, 2692) obtained ^-lonone by con- 
densing citral and acetone in the presence of 
barium hydroxide This acyclic ketone was 
converted into a mixture of the isomeric ketones, 
a- and ^-lonone, by beating with dilute acid 
and glycerol (F Ticmann and P Kruger, ibid 
1898, 31, 808, 867; G P. 73089, 75120, 1893) 
Owing to the great importance of these ketones 
in perfumery, extensive investigation followed 
their discovery and can bo grouped under several 
headings (i) manufacture of ^-lonone (.see, e q , 
G.P. 127661, 1900, 147839, 1901, W. Stiehl, i 
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J pi Chem 1808, [n], 58, 79, 84, 80; 0 Doeb- 
ner, Ber. 1898, 31, 1888 , H. Hibbert and L. T. 
(Cannon, J. Amer. Chem. Soc. 1924, 46, 123), 
(ii) cyclisation of 0-ionone and control of the 
proportion of a- and jS-isomeride in the product 
(see, eg , h\ Tiemann, Ber 1898, 31, 868 ; G.P. 
129027, 1900; 133563, 138100, 167647, 1901; 
164366, 172653, 1904), (iii) separation of a- and 
P-ionone (see, eg , G P. 106612, 1898 ; F. Tie- 
mann, Ber. 1898, 31, 874, 1737). Lewmson 
(Perf. and Essent. Oil Rec 1923, 14, 269) has 
described a modern technical method of pre- 
paring the lonones from lemongrass oil. The 
preparation of a- and j3-ionone from a- and j3- 
cycZocitrals has also been the subject of extensive 
investigation (F. Tiemann, Ber. 1900, 33, 3719; 
G.P. 75062, 1893, 123747, 1900; 133768, 

139957, 1901; 138141, 1902). Commercial 

lonone (100%) has the following constants 
(approximate) 0-936-0 940, 1-6035- 

1 5070, aD±0°; a-ionone, b.p. 124-128°/12 mm 
1 4990, p^® 0 934, semtearbazone m.p. 148- 
149° , P-ionono, b p. 134-135°/12 mm., p^® 0 949, 
1 6198, semtearbazone m.p. 148-149°. 

Methylionones have a characteristic violet 
odour and are widely used in perfumery. The 
commercial mixtures of methylionones are pro- 
paied from citral and methyl ethyl ketone using 
processes similar to those employed for pre- 
paring the lonones (G P. 75120, 1893; 127424, 
1901 , 133758, 1901 ; G. W. Pope and M. T. 
Bogert, J. Org Chem. 1937, 2, 276). The four 
isomeric methyl ketones, a-?i-methylionone, ]3-n- 
methylionone, a-i5omothylionone and 
hiethylionone can bo prepared by fractional 
crystallisation of their semicarbazones (H. 
Koster, J. pr Chem. 1935, [ii], 143, 249, Deut. 
Paifumene-Ztg. 1935, 21, 269). 

Methyl )9-Naphthyl Ketone has a fine neroli- 
like odour and is widely used; it can be obtained, 
together with the a-isomer, by the action of 
acetyl chloride on naphthalene in the presence 
of aluminium chloride using chlorobenzene as 
solvent (L. E. Chopin, Bull. Soc. chim. 1924, 
[iv], 35, 610) and a higher proportion of the )3- 
ketone is obtainable by usmg nitrobenzene as 
solvent (c/. A. St. Pfau and A. Ofner, Helv. 
Chim Acta, 1926, 9, 669 ; S. M. Rivkin, Amer. 
Chem Abstr. 1935, 29, 6102). Methyl jS-naphthyl 
ketone has m.p. 64°, b.p. 172°/11 mm., semi- 
carbazone m.p. 235-237°. 

Jasmone is the ketone present m jasmine 
blossom oil which imparts the characteristic 
jasmine odour. In 1933 it was shown indepen- 
dently by Trelf and Werner (Ber. 1933, 66 [B], 
1521), and by Ruzicka and Pfeiffer (Helv. Chim. 
Acta, 1933, 16, 1208) that this ketone possessed 
the structure 

C-Me 

^ CHjCHiCH CHj Me 
Hg<!: CO 

and it was prepared synthetically in 1936 (W. 
Trefif and H. Werner, ihid. 1935, 68 [B], 640; 
c/. H Hunsdiecker, ibid. 1942, 76 [B], 460). 
Numerous ketones were synthesised in attempts 
to simulate the jasraone-like odour in more 
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easily synthesised structures and a number of 
these compounds are stated to have been made 
available under various trade names, usually m 
admixture with other bodies (see, eg ^ H 
Werner, Fette u Seifen, 1938, 45, 623 ; V. 
Isagulyantz, Riechstoffindiistrie, 1936, 11, 84, 
B P, 451462, 1935 ; G P. 639455, 667156, 1935 ; 
693863, 1936 ; R L Frank etal Amor. Chem. 
Soc. 1944, 66 , 4). 

EbTEliS 

Certain valerates and /sovalerates have been 
used for a long time m tobacco perfumery and 
in fruit essences, and the constants, odours, and 
properties of a number of these esters have been 
described by Muller (Riechstofbndustrio, 1931, 
6, 4). The esters of furoic acid (for preparation 
of the acid, see Organic Syntheses, Coll Vol I, 
p. 276) appears to have properties which render 
them potentially of value to the perfumeiy tiade 
(W. A Poucher, “ Perfumes, Cosmetics, and 
Soaps,” Chapman and Hall, Vol 1, 5th ed , 
1941) Bertram (G.P. 80711, 1893) has described 
a general method of preparing estoisof terpenic 
alcohols which involves treating the alcohols 
or essential oils containing those compounds 
with the appropriate acid at low temperatures 
m the presence of a little mineral acid Various 
othei methods are available and aie leferred to 
below in the methods desenbed for piepanng 
esters of special types The preparation and 
properties of a number of esters derived from n- 
decyl alcohol have been described (G Komppa 
and Y Talvitio, J pr Chem 1932, [ii], 135, 200) 
Esters ol cinnamic acid are of mteicst m per- 
fumery (K. Braun, Dent. Parfumerie-Ztg 1930, 
16, 6) and suitable methods for preparing these 
esters have been published ; eg.f methyl ester 
(C N. Rubor, Ber 1915, 48, 827), ethyl (E 
Fischer and A. Speier, %bid, 1895, 28, 3254, 
A. Bogojawlensky and J. Narbutt, ihid 1905, 
38, 3349, Organic Syntheses, 1929, 9, 38), iso- 
batyl (J. J. Sud borough and K. J liiompson, 
J C S 1903, 83, 676), and benzyl esters (G P. 
127649, 1900). A number of esters derived 
fiom cinnamyl alcohol have valuable per- 
fumery properties (Dout. Parfumone-Ztg 1930, 
16, 6). Esters obtained from benzyl alcohol 
are of the greatest importance in perfumery 
The formate can be obtained by the reaction 
between the mixed anhydrides of formic and 
acetic acids and benzyl alcohol (G.P. 115334, 
1899) or by passing a mixture of benzyl alcohol 
and formic acid over titanium dioxide at 150° 
(P. Sabatier and A. Mailhe, Compt. rend. 1911, 
152, 1045). Benzyl acetate, which has a char- 
acteristic jasmine-like odour, is one of the most 
widely used synthetics. According to Herold 
(Deut. Parfumene-Ztg. 1931, 17, 362), it is 
derived commercially by heating together benzyl 
chloride, sodium acetate, and acetic acid (G P. 
41507, 1887) or heating the chloride with acetic 
anhydride in the presence of a metal be catalyst 
(Swiss P. 169040, 1933) or by acetylating benzyl 
alcohol. The ester derived by the latter method 
18 generaUy considered to possess advantages for 
use m fine perfume mixtures Benzyl propionate 
(M. Conrad and W. R Hodgkinson, Annalen, 
1878, 193, 311) 18 sometimes used with benzyl 
acetate in artificial jasmme ods. Benzyl iso- 
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valerate (G.P 165897, 1904) and benzyl salicylate 
(E. H. Volwilor and E B. Vliet, J. Amer. Chem 
Soc 1921, 43, 1673) are also found useful m 
perfumery, and benzyl benzoate (G P. 268621, 
1912, L. Claisen, Ber. 1887, 20, 649, Organic 
Syntheses, 1922, 2, 5) is widely used because of 
its bland odour and good solvent properties for 
solids such as the aitificial musks. The cha- 
racteiistics and odour values of various esters of 
propionic acid have been described by Muller 
(Deut. Parfumene-Ztg 1931, 17, 30) and of 
esters of butyric and isobutync acid by 
Kjclsberg and Muller {ibid 1928, 14, 235) 
Ethyl pyruvate (L. Simon, Bull. Soc ehim. 
1895, [ill], 13, 476) is used m traces in certain 
fancy perfumes. Esters of “ amyl alcohol ” 
are prepared by the usual methods and some of 
the esters are used in perfumery. Commercial 
amyl alcohol is a constituent of fusel oil pro- 
duced by fei mentation processes and is usually 
a mixture of ^5oamyl and active amyl alcohol m 
varying amounts depending upon the source 
(potatoes, molasses, etc.). Fusel oil is used in 
the manufacture of (ommeicial csteis, and used 
as thus the amyl esteis are usually mixtures of 
isomeric forms Methyl salicylate (oil of 
wintergrcen) is used mainly m flavouring tooth 
pastes and mouth washes and synthetiL«illy it 
can be obtained by refluxing a mixtuie of 
salicylic acid, methyl alcohol, and a catalyst 
such as sulphuric acid (U.S P. 1814853, 1931 , 
1905144, 1933). 

Lin alyl Acetate has an odour almost identical 
with that of terpencless beigamot oil and is 
widely employed in perfume compositions Both 
natural and synthetic linalool (and theiefoio 
presumably the acetate also) consists of an in- 
separable mixture of 2 6-dimcthyl-Zl^*'-octadien- 
O-ol and 2 6-dimethyl-J^»^-o( tadum-G-ol (J. L. 
Simonsen and L N. Owen, “ The Terpenes,” 
2nd ed., Cambridge, 1947, i, 62) H^stenlication 
of this tertiary alcohol is especially diflicult 
because on treatment A\ith acetic anhydride the 
acetylation is acctirnpanied by isomerisation and 
cyclisation, so that a mixture of the esters of 
linalool, geraniol, neiol, and terpineol is pro- 
duced, and in addition terpenes are formed by 
loss of the elements of water (V. Isagulyantz 
and E. Smolyaninova, Riechstoilindustrie, 1933, 
8, 194) The pure ester can be prepared by the 
action of acetic anhydnde on the sodium salt of 
linalool (F. Tiemann, Bor 1898, 31, 839) It is 
claimed that satisfactory yields are obtained by 
acetylating m the presence of an inert diluent 
such as xylene (R. Knoll and A Wagner, 
“ Synthetische und Isoliorte Riechstoffe,” Halle, 
aS, 1928, p 211) Foinet (Soifens.-Ztg 1936, 
63, 707, 739) found that by refluxing a mixture 
of linalool, acetic anhydride, and sodium acetate 
for varying periods the ester content (as Imalyl 
acetate) rose to 58% after 60 minutes and then 
slowly decreased. In another process acetyla- 
tion is carried out below 40° using as catalyst a 
small proportion of an acetic acid-phosphoric 
acid mixture (V Isagulyantz and E. Smolyani- 
nova, Riechstoffimdustrie, 1933, 8, 194) Houbcu 
(G.P. 162863, 1903) prepared Imalyl acetate by 
the action of acetic anhydride upon the Gngnard 
compound derived from methylmagnesium 
chloride and linalool. 
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Terpmyl Acetate is another widely used 
ester. Bertiarn (G 1' 07255, 1892) obscived 

that treatment of turpentine oil (pinene) with 
acetic anhydride in the presence of sulphuric 
acid gave a product from av Inch terpmyl acetate 
could be separated by fractionation. A mixture 
of bornyl and terpmyl acetates is obtainable by 
treating a-pmcne with a suspension of Japanese 
clay m acetic acid (T. Kuwata, Amer Chem 
Abstr 1937, 31, 3899) and a 35-40% yield of 
terpmyl acetate has been claimed (T. Kuwata, 
ibid. 1939, 33, 8593) to bo obtainable from 
limonone and acetic acid using Japanese clay 
as condensing agent. Paillard and Tempia 
(Helv Chim. Acta, 1931, 14, 1314) obtained 
satisfactoiy yields of the acetate by acetylating 
terpmeol using xylene or French turpentine oil 
as diluent Houben (Bci 190G, 39, 1742) pre- 
pared terpmyl acetate by treating the reaction 
product obtained from terpmeol and benzyl- 
magnesium chloride with acetic anhydiide The 
ester is difhcult to saponify and for cpiantitivc 
saponification prolonged boiling with akoholic 
potassium hydroxide is necessary (F Gilde- 
meister. Die Athciischen Ole, 1931, i, 047) or the 
use of a solution of potassium hydroxide in 
ethylene glycol mono-ethyl ether (H. M. Perry 
and T. F. West, Analyst, 1942, 67, 159). The 
preparation of other linalyl and terpmyl esters 
has been deseribod by Bertram (G P 80711, 
1893) and Houben (G I* 102803, 1903, Bci 
1900, 39, 174(), ihul 1931, 64 [B|, 240) Com- 1 
mercial syntiu'tic bornyl acetate usually con- 
sists of a imxluie of the acetates of borneol and 
i.soborneol and can be derived diiectlv from 
piiienc (B I* 300,385, 1928) 

Methyl Heptynecarboxylate, 

CH3 LCHgliC C CO^Me, 

frcipiently mcorreitly termed “ methyl lieptine 
carbonate,” has a violot-like odour and is used 
in various peufume compositions An excellent 
It view of the piepaiatioii ol such acetylenic 
esters has been pro\ided by Valli-Donan (Amer 
Perfumer, 1923, 18, 133), eg, ?i-heptaldohydo 
IS roiiveited by ticatmciit with ])hosphorous 
pentachloride into 1 l-dichloioheptanc, which 
gives heptync with potassium hvdioxiclc The 
sodium compound ol heptyne, 

CHj ICH 2 ] 4C.CNa, 

can be converted diieetly into methyl heptyne- 
carboxylatc (1) by leaction with methyl ehloro- 
foimate, or (n) by treatment in ethereal sus- 
ponsioii wnth caibon dioxide to give the rorre- 
sponding atetylonir ar id, wdiicli is then estciified 

Methyl Benzoate (Niobe oil) (L Caniis, 
Anualen, 18,59, 110, 210 , C Graebc, i/nd 1905, 
340,245, 11 Meyer and O Spenglei, Bor 1905, 
38, 1332, G.P *'500437, 1929, 503909, 19,30, 
5900.52, 1931) and ethyl benzoate (E Piseher 
and A. Speier, Ber 1895, 28, 3253 ; P. Sabatier 
and A Mailhe, Compt rend 1911, 152, .300) are 
both used in ceitain types of perfume com- 
positions 

Methyl Anthranilate has been detected m a 
number of essential oils and the synthetic ester 
IS widely utilrscd 111 piepaiing peifume mixtures. 
It can be prepared by ti eating anthranilic acid 

VoL. IX.— 19 
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with methyl alcohol in the ])rescnoe of hydrogen 
chloride (G P 110380, 1898, 113942, 1899), 
sulphuric acid (H. Meyer, Monatsh. 1904, 25, 
1201), or boron trifluorido (F J Sowa and J. A. 
Nieuwland, J Amer. Chem Soc 1930, 58, 271) 
and by reducing methyl o-nitrobenzoato with 
stannous chloride and hydrochloric acid (G P. 
120120, 1898) Methyl aiithanilato has m.p. 
23-5°, bp. 127711 mm, 1103 Ethyl 
anthranilate has a definite orange-blossom 
odour similar to that of the methyl ester but 
with a rather finer and sweetei quality It can 
be prepared from anthranilic acid (E Bamberger 
and A v Goldberger, Annalen, 1899, 305, 302) 
and from phthalimide (G P 139218, 1902) 
Ethyl anthranilate has m p 13°, bp. 137- 
138714 mm , 1 5049, pf 1 1174 

Methyl N-Methylanthranilate was first 
detected (1900) in tangerine oils and has since 
been found m a number of essential oils The 
synthetic ester, m p 18 5°, b p 130-13l°/13 mm., 
p^^ 1 120, has been used widely 111 preparing* 
artificial tangerine and neroli oils and m per- 
fumery compositions. N-Methylanthranihc 
acid can bo prepared from anthranilic acid and 
dimethyl sulphate m sodium hydroxide (R Will- 
stattor and W. Kahn, Ber 1904, 37, 401) or 
acetic acid solution (J Houben and W Brasseit, 
%bid 1900, 39, 3233) , it can be estcrificd by the 
usual methods (G P 122508, 1900) 

1 lining moio recent 3"ecirs other more complex 
esteis (leiived liom teiiioine ahsihols have been 
adveitiscd but the published literature is scanty 
Foi possible methods of prepaiatiori, see U S P 
2170185,1935, J Brcdt and H Hof, Ber 1900, 
33,21, A Verlcy, Ball Sue diim 1927, [iv], 
41. 788 

Nitrooen-contiinin-q Bodies 

Artificial Musks (.see Vol VI 11, 2536)* — 
Baur (Ber 1891, 24, 2832, GP 47,599, 1888, 
02302, 1801) found that various nitro-denvatives 
ol benzene liomologues possessed the odour of 
musk and this woik wms extended by othois 
(GP. 72998, 77299, 189,3) 2 4 O-Trinitro-lrS- 

diraethyl-5-^er^ -butylbonzene (xylorio musk) is 
still used m peifiimery and can be piepaiod by 
nitrating m-tert -butyl- ?/i-xyleno (F. Ullmann, 
Enzyklopadic, 1931, 8, 840) When in-tert - 
butyl-?a-xyleiie is brought into reaction with 
atctyl ehloude in the presence of aluminium 
chloride, the product (l*3-dimethyl-5-/er/ -butyl- 

4- ai etylbeiizene) on nitration gives 1 3-diinethyl- 

5- tert -butyl-2 O-dinitro-4-aectylbcnzeno which 
IS used in perfumery under the name musk 
ketone (G P 87130, 1894, A Bauer, Ber. 1898, 
31, 1344, 1900, 33, 2502). 3Iusk ambrette (1- 
methyl - 2 0 - dinitio - 3 - methoxy - 4 - tert -butyl- 
benzene) can be piepared by condensing m- 
cresyl methyl ethoi with <cr/. -butyl ehloiide and 
nitrating the pioduct (G 1^ 02302, 1891 , U.S P. 
2007234, 2007241, 1934) Rarer varieties of 
artificial musks have been reviewed by Noelting 
(Perf and p]ssent Oil Roc. 1922, 13, 76; c/. 
B P 470550, 1936). 

Indole IS used to a limited extent in per- 
fumery Shorygin and Polyakova (Amer. Chem. 
Abstr 1942, 36, 3802) investigated various 
methods of preparation and considered that 
Roissert’s method (Ber. 1897, 30, 1045) was most 
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suitable It is obtainable from indoxyl melt 
(F N. Stepanov and K S Polyakova, Amer. 
('liem Abstr P.)42, 36, 3802), from o-formo- 
toluidido and potassium tcrl -butoxide (F T 
Tyson, Organic Syntheses, 1943, 23, 42) and 
by a seiies of reactions fioin di( hlorocthyl ether 
and aniline (A Tre filler, B 11,1945,129). Indole 
has m.p. 52-53° (v, Vol. VI, 450) 

Skatole has been detected in eivet and is 
utilised to some extent in perfumery It can be 
prepared from coal tar (G P 515543, 1928) or 
synthetically by c 3 ^clisation of propionaldehyde 
phenylhydrazone (A K Arbusow and W M 
Tiehwmsky, Ber 1910,43,2301; GP 2381,38, 
1911) or by degradation of 2-earboxyindole-3- 
acetie acid (F E. King and P. L’Ecuyer, .1 C S 
1934, 1902) Skatole has m p. 95° {v Vol VI, 
4636) Other jS- substituted deiivatives of indole 
possess odours of potential value in perfumery 
(T. F. West, H J Strausz, and D. H. R. Barton, 
“ Synthetic Perfumes,” Edward Arnold & Co , 
Ltd , 1948 

Quinoline Derivatives. — Tn perfumery, 6- 
methylquinoline and its tetrahydto-denvaiivG and 
7- and S-methylquinolines lind a limited use. 
They can bo prepared conveniently from the 
appropiiatc toluidine using modifications of the 
Skraup reaction (e g , J G. F Bruce, Chem 
News, 1919, 119, 271 , E. W. Cohn, J Amer 
Chem. «oc. 1930, 52, 3685; B P. 549502, 1941) 
Tetrahydro-6-methylquinolme (Civettal) can be 
prepared by reducing 6*mothylquinohno with 
tin and hydrochloric acid (E Bamberger and 
P Wulz, Ber 1891, 24, 2067) or with hydrogen 
using a nickel catalyst (G. Darzeris, (^ompt 
rend. 1909, 149, 1001) 

Lactones 

Coumarin {v Vol. Ill, 412a) — This lactone, 
which possesses an odour recalling new mowui 
hay, IS used widely in both perfume and flavour 
mixtures It can bo prepared from salicyl- 
aldehyde by the Perkin reaction {e.g , W H 
Perkin, J C S. 1868, 21, 53 , A Heychlcr, 
Bull ISoc ehim 1897, [iii], 17, 516 , H Yana- 
gisawa and H. Kondo, J CS 1921, 120, 682, 
B.P. 438361, 1933; IJ.S P 2204008, 1940, 
Amer. Chem Abstr 1939, 33, 1696) , or from 
coumarin caiboxylic acid (G P. 161171, 1903, 
189252, 1905; 440341, 1924; P. May, Perf and 
Essent Oil Rec. 1925, 16, 45). More recently 
it has been claimed (A. A. Shmuk, Amer. Chem. 
Abstr. 1940, 34, 5070) that coumarin can be 
produced economically from fumaric acid’ and 
phenol (c/. e (/ , G Bailey and F Boettner, Ind 
Eng. Chem 1921, 13, 905) Other methods have 
been described (e ^., H Meyer et al , Monatsh 
1913,34, 1665, G.P. 223684, 1909, 276667, 
1912 ; U.S P. 1920494, 1933 , 2062364, 1936). 
Coumarin has m p 70°, b p 291°. 

6-M ethyl coumarin is used with coumarin 
m a variety of types of perfume compositions 
It can be prepared by the Perkin method from 
p-methylsalicylaldehyde (F. Tiemann and C 
Schotten, Ber. 1878, 11 , 771 ; K. S. Chang and 
P. P. T. Sah, J. Chmese Chem »8oc. 1936, 4, 
84) and by heatmg fumaric or maleic acid with 
p-cresol in the presence of suitable catalysts 
(G.P. 338737, 1919; 362751, 1921; T. J 
Thompson, and R. H. Edeo, J. Amer. Chem. Soc. 
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1925, 47, 2558). 6-Methylcoumarm has m p 
75° (76-77^), b p 190-200°/19 mm. 

Mlsceleaneous 

Diphenylmethane, Ph CHg Ph, has a 
pleasant geranuim-like odour and is of consider- 
able importance in peifurneiy It is also a dye- 
stuff intermediate and numeious methods of 
preparation have been proposed of which the 
following are l 3 ^p]cal (i) condensing benzyl 
chloride with benzene in the pit'sence of suitable 
condensing agents (C' Fnedel and M. Balsohn, 
Bull. 8oe. thim IScSO, [ii], 33, 337 ; C. Radzie- 
wanow^sky, Ber 1895, 28, 1136, H Bredcieck 
et al, ibid 1939, 72 (B], 1421 , G P. 281802, 
1913), (ii) leducing, under suitable conditions, 
diphenylearbinol (A E Tsc hitschibabin, Ber. 
1911, 44, 442) oi benzoplienone (A Klages and 
P. Allendorff, ibid 1898, 31, 999) , (m) heating 
a mixture of tiiben/yl borate, benzene, and 
aluminium ( hioride (A Kauff in.uin, G.P. 555403, 
1930) Biirheiivlmethanc has in p 26-27°, b ii 
120°/10 mm , /l}' 1 5788 

^-Bromostyrene, Ph CH CHBr, has a 
strong, shaip, hyacinth-Lke odcan Technically 
it 18 prepared by treating cint'aniic acid with 
bromine to gi\e ddriomopiienylprojnonic 
acid which is conveited into j8-biomostyrene by 
steam distillation in tlu‘ presence of a solution 
of sodium eaiboiiate (1 liuold. Bent Pai- 
fumeiie-Ztg 1931, 17, 246, (' Dufraisse, Ann 
Chim 1922, |i\], 17, 198, A Ja'wmsohn, Perf 
and Essent Oil Ret 1921,15, 118, G Chazel, 
La Revue des Produits CliiiuKiues, 1919, 22, 
178) ;8-Bromostv retie has inp 7 b p 108°/2 
mm , 1 4269, 1 6091 

isoEugenol and Derivatives. — isoEugenol 
18 used extensivd^ in c iination .ind oriental-type 
perfumes and is an intei niedi.ite in the manii- 
faeture of vanillin It can be prepared by fusing 
cugenol with potassium hydioxide at 200-2.30° 
(G P. 76982, 1892) or hy heating potassium 
eugenoxide in a vat uuin oi in a stream of in- 
different gas at 190-220° (G P 179948, 1905). 
Other processes indude heating potassium 
eugenoxide in loneontrated aciucous potassium 
hydroxide (L M Lahaune, Rev Maiques Par- 
fums do Frame, 1939, 17, 10), using amyl 
alcohol as solvent (G P 57808, 1890) or adding 
diluents for tlie melt sucli as azobenzene (B J* 
417072, 1933) or a glycol and tiiethanolamine 
(T F. West, J.S C I 1940, 59, 275) i^?oEugenol 
exists in two forms (F. Boodeckcr and H. Volk, 
Ber. 1931, 64 [B], 61), the ci6*-form having 
1 0851, 1 5726, and the trans-, m p. 33°, 

1 0852, 1 5782. The methyl ether is some- 

times used in perfumery and can be prepared by 
treating potassium isoeugcnoxide with methyl 
iodide (G. Ciamician and P 8ilber, ibid 1890, 
23, 1164) or methyl sulphate (C Mannich and 
W. Jacobsohn, Arch i^harm. 1910, 248, 151). 
The benzyl ethei is obtained with benzyl chloride 
(G.P. 65937, 1891 , F. J. Pond and F. T. Beers, 
J. Amer. Chem. Soc. 1897, 19, 828 ; T F. West, 
J C.S. 1945, 490) 

Large Ring Compounds. — Civeione(v,No\, 
III, 1946 , VII, 143a) is the valuable large rmg 
ketone (L Ruzieka et al , Helv Chim Acta, 
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1926,9,230; 1942, 25 , 604) present in civet , a 
stereoisomer has been synthesised by Hiins- 
diocker (Bejr. 1943, 76 |B], 142) It is ilaimed 
(U.S.P 1720748, 1927) that the yield of ketone 
from natural civet can be increased by oxidising 
the corresponding secondary alcohol, which is 
also present, to civetone. l-Muscone (3-methyl- 
cycZopentadecanone) is the odorous principle of 
natural musk. The di-form of the ketone has 
been synthesised by Ziegler and Weber (Annalen, 
1933, 604 , 94; 1934, 512 , 164) by cyclisation 
of 1 14-dicyano-2-methyltetradocane to give 
a cyclic cyanoketimide mixture which on 
hydrolysis gave 3-methylcyciopontadccanono 
Ruzicka and Stoll (Helv. Chim. Acta, 1934, 17 , 
1308) prepared the ketone by hydrogenating 
muscenone. Hunsdiecker (Ber. 1942, 75 [B], 
1190, 1197) prepared methyl miiscone-d-car- 
boxylate which was converted into di-muscone 
on treatment with 80% sulphuric acid. Ruzicka 
and co-workers (Helv Chim Acta, 1926, 9, 249, 
260, Swiss P 119619, 119620, 119622, 120150, 
1925, BP. 235340, 1925) found that cyclo^ 
pentadecanone (used in perfumery under the 
name “ exalt one ”) displayed the strongest musk 
odour of a senes of large ring ketones which they 
synthesised The preparation of exaltone ha.s 
been studied m detail by Ziegler and co-workera 
(Annalen, 1933, 504 , 122; BP. 415259, 1933, 
438201, 1934). Kerschbaum (Ber 1927, 60 fB], 
902) found that pcntadecanolido possessed a 
characteristic musk odour, and synthesised the 
compound (G P 449217, 1926) Ruzicka and 
Stoll devised alternative methods of preparation 
(Helv. Chim. Acta, 1928, 11 , 1159, BP 
294602, 1928) and called the lactone “ exalto- 
lide ” Kerschbaum showed that the musk odour 
of musk seed oil was duo to the presence of the 
lactone, ambreitolide, 


CHaCH^VCHiCH [CH^l.CO 


O 


and described a synthetic method of preparation 
(G P 449217, 1926). 

Compounds with Ambergns-odour — 
Vaiious compounds ha\e been described as 
possessing the odoui of ambergris, e g., deca- 
hydro - - naphihaldehyde , 5 6 7 S-tetrahydro-l- 

naphthylacetaldehyde ; ethyl 2:4 - diisopropyl - 
phenylglycidate (B.P. 372013, 1931) ; and the 
nitration products of dibromobntyl-m-cresyl 
methyl ether (Swiss P. 101398, 192*1) 

Compounds with Russian Leather 
Odour. — The following compounds are stated 
to possess the odour of Russian Leather • p-teit - 
butylphenol (A Liebmann, Ber 1881, 14 , 1842, 
G (Sandulescu and !S Sabatay, Riechstoffin- 
dustric, 1935, 10 , 84 , U B P 1740854, 1927) and 
homologucs of m-xylenol containing the tert,- 
butyl or i^^opropyl group in the ortho position to 
the hydroxyl group (F.P. 783538, 1934 ; F.P. 
775875, 1933). 

T F. W 

PERI DOT . The transparent green variety 
of olivine {v this Vol., p 93a), sometimes used 
as a gemstone. 

D. W. 

PERILLA OIL (v. Vol IV, 846; this Vol., j 
p. 26c). I 


PERILLALDEHYDE, 

C CHO 

HjC^ 

Hji CHjj 

^ChTcMeCH, 

b.p. 104-105"/10 mm., p*" 0 0617, 74^ 1 5074, 
Wd 4-135 6°, —146°, sem%ca)hazone, mp 199- 
200°, phenylhydrazone, m.p. 107 5°, oxwie, m p. 
102°, 129°. d- Aldehyde occuis in false camphor 
wood oil from Hernandia peltatay I- in the oil 
from Penlla nankmensis 

J. L S. 

PERILLYL ALCOHOL, 


CCHgOH 


HoC 

Hi 


CH 

<1h, 

CH., 


bp 119-121°/! 1 mm, 0 964, 1 4996, 

[a]jj —08°, naphthylurethane y in p 146-147°, 
Occurs in a number of essential oils. 

J. L. S. 

PERITECTIC REACTION (v, Vol VII, 

596c) 

PERNOCTON. Sodium 5-5cc.-butyl-6-j^- 
bromoallylbarbiturato Sedative and hypnotic, 
B.l^ C App. XIV (?; Synthetic Dkuqs) 

S E 

PEROXIDES AND PERACIDS, IN-’ 
ORGANIC. — The term per -compound is used 
to describe all substances which contain the 
— O — O — bridge m their jiiolecules. Hydrogen 
peroxide, H — O — O — H, is the parent sub- 
stam e of the group, metallic peroxy- compounds 
being derived by the replacement of one or both 
hydrogen atoms in hydrogen peroxide by cations, 
whilst peracids of various types aio obtained by 
similar leplacements with an acidic group. It is 
characteristic of all per-corapounds that the 
oxidising properties are associated with the 
structural relationship to hydrogen peroxide and 
are not due to enhancement of the valency of 
other elements m the molecule Barium per- 
oxide, for example, contains bivalent barium, 
whilst m the persulphuric acids the sulphur 
valency is the same as in sulphuric acid. True 
peroxy-cornpounds yichl hydrogen peroxide on 
hydrolysis. In a few so called per-coinpounds, 
such as manganese peroxide (or dioxide), MnOg, 
lead peroxide, PbOg, perchloric acid, periodic 
acid, and permanganic acid, the molecule is not 
related structurally to hydrogen peroxide, and 
the oxidising properties are due to the presence 
m the molecule of an atom in one of its higher 
valency states 

The Alkali Metal and Alkaline Earthi 
Metal Peroxides. — The preparation and 
properties of hydrogen peroxide have already 
been described \v Vol. VI, 339) ; those of the 
metal peroxides are also dealt with in part in 
the descriptions of the compounds of the metals, 
concerned. The metallic peroxides are formed 
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most readily by the strongly olo( tioposituc ele- 
ments of the alkali and alkaline-earth groups. 
These compounds are solids with ionic lattices, 
one component of which is the or the 0 “ 
ion. The peroxides of these groups are tabu- 
lated below. 

LigOa 

NagOj 

K2O2 K2O3 KO2 Ca02 

Rb202 Rb 203 Rb02 Sr02 

CS2O2 CS2O3 CSO2 Ba02 

When the alkali metals arc heated m excess 
of oxygen, the final products formed aie LigO, 
Na 202 , KO 2 , RbOo, and CsOg The propoi- 
tion of oxygen in the most st.ible oxide thus 
increases with the ionic radius of the metal 
Lithium monoxide is white, but the colour of the 
oxidation product deejiens progressively from 
Na 202 (yellow) to CSO 2 (dark brown) These 
peroxides of potassium, rubidium, ancl caisiiim 
are also formed by heating the metal hydroxides 
at 375*^ in oxygen under pressure (Fischer and 
Ploetzer, Z. anorg Chem. 1912, 76, 1). 

The oxide LI 2 O 2 formed in small 

amounts when lithium is heated in oxygen It 
is also formed by oxidation of lithium in liciuid 
ammonia solution {v infra). The remaining 
oxides of the typo M 2 O 2 are also formed by 
carefully controlled oxidation of the alkali metal 
Thus, KgOg may bo formed by oxidising potas- 
sium in the calculated amount of air at 300°, or 
by oxidation 111 a carefully limited supply of 
nitric oxide. A more general method which 
allows of the isolation of the intermediate oxida- 
tion products IS to bubble oxygen into a solution 
of the alkali metal in liquid ammonia at —50° 
when the increase in weight serves as a measure 
of the oxygen absorbed This method of pre- 
paration has yielded pei oxides of the type M 2 O 3 
from potassium, rubidium, and Cccsium (Joannis, 
Compt. rend. 1893, 116, 1370). The oxides are 
precipitated from the ammonia solution and 
show characteristic colours ; thus, for potassium, 

Km liquid NH 3 K 2 O 2 . K 2 O 3 KO 2 
Blue White Bed Oiange 

The oxide K 2 O 3 is foimed from KOg by heating 
at 480°/ 1 mm. All of these oxides form ionic 
crystals containing the ions and O” in the 
types MJO 2 and M^Og, res23ecti\ely It is 
probable that the typo My 03 should bo formu- 
lated as a lattice compound 2 M 02 ,M 202 in 
which both anions are present. The relationship 
to hydrogen peroxide is thus due to the existence 
of a peroxide ion in the solid state This may 
persist over a small temperature range on fusion, 
but in all cases the comiiounds lose pxygen at a 
sufficiently high temperature The oxide KOg 
with water forms hydrogen peroxide and 
liberates oxygen, whereas KgOg forms only 
hydrogen peroxide 

2K02+2H20=^2K0H+H202+02 
Ka0a+2H20=2K0H-}-H202 
Hydroperoxides. — The replacement of only 
one of the two hydrogen atoms of hydrogen 
peroxide by a metal atom leads to the formation 


of h> d ropei oxides Substances of this group are 
formed in various ways, and by some metals 
which do not form simple peroxides. Among the 
alkali metals, sodium hydroperoxide, NaOgH 
is formed from NagOg by reaction with an 11 c- 
cold mixture of alcohol and concentrated nitiic 
or sulphuric acid, or by the action of metallic 
sodium on an ether solution of hydrogen per- 
oxide (J)’Ans and Fiiederich, Ber 1910, 43, 
1880) The latter preparation indicates the 
relationship to hydrogen peroxide The com- 
pound decomposes slowly at room temjicratuie, 
and forms the addition compounds 

NaOOH,0 5H2O2 

and NaOOH,0 5H20g,2H20 with hydrogen 
peroxide Similar hydroperoxides of potas- 
sium, rubidium, and ca?sium may bo pieparcd 

Ammonium hydroperoxide, NH4OOH, is 
formed when dry ammonia reacts with a solution 
of 98% hydrogen peroxide m dry ether at —10°. 
It IS a crystalline solid, m.p. 14°, which is trans- 
formed by fuithor reaction with gaseous am- 
monia into ammonium jicroxide, (NHj) 202 , 
m 23 . ca —40°, a compound which is less stable 
than the hydroiieroxidc 

Peroxides of the Alkaline Earth 
Metals. — The three peroxides CaOg, SrOg, 
and BaOg show a variation in stability which is 
analogous to that in the alkali-mctal sciics Of 
these three elements, barium has the laigest 
cation radius (1 3-1 4 A ) and its jicroxidi* is tlie 
most stable, being formed bv he.iting the mon- 
oxide in air There is a revcisible cquilibiium 
between the monoxide and the dioxide which 
formed the basis of the now obsolete Brin pro- 
cess for obtaining oxygen from the air The 
peroxides BaOg and KOg aie iclated m that 
both have the cab lum ^ arbide tvpe of crystal 
lattice w'lth cations and anions of similar dimen- 
sions Thus the ladius of the potassium ion is 
1 33 A , whilst the internutlcai distances between 
the oxygen atoms of the ion Og in KOg is 1 28, 
the ( orrcsponding figure for Oo" in BaOg being 
1 31 A 

Strontium peroxide is formed from the mon- 
oxide by heating in ox} gen under pressui e , 
the conversion is about 15% at 400° and 100 
atm. of ox;ygen The compound is, however, 
formed by the ac'tion of oxygen on a solution of 
strontium in liquid ammonia, or when strontium 
IS oxidised by oxygen under pressure Calcium, 
which has the smallest cation radius of the grou^i, 
does not form its peroxide by the action of 
oxygen on the heated monoxide, and the >ield 
from the oxidation of calcium in hcjuid ammonia 
solution IS also small Hydrated peroxides of 
the type M^^ 02 , 8 H 20 are formed by all the 
alkaline-earth metals, that of calcium, for 
example, being pioduccd when hydrogen jier- 
oxide or sodium peroxide reacts with milk of 
lime or calcium salts It finds tcdinical ajipli- 
cations as a bleaching agent and for antiseptic 
purposes, and is moderately stable 

Other Metallic Peroxides. — The less elec- 
tropositive metals form in general peroxides or 
hydroperoxides which are less well defined. 
Some of these are structurally intermediate 
betw cen the peracids and the peroxides. 
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Magnesium peroxide is an interesting example 
of the sort of compound obtainable. Hydrogen 
pcrovido in alkaline solution precipitates from 
magnesium sulphate a compound Mg0,Mg02 
This compound is also formed by the interaction 
of sodium peroxide and magnesium salts m 
presence of a small amount of water. The pro- 
ducts from these reactions may contain varymg 
amounts of magnesium hydroxide Decom- 
position by water occurs readily m the freshly 
precipitated state, but the stability of the dry 
material is much greater. Various antiseptics 
based on magnesium peroxide are described, all 
of which owe their action to the presence of a 
tiuo peroxide which yields hydrogen peroxide 
with acids (see W. Machu, “ Wasserstoff-peroxyd 
und die Per\ erbindungen,” Vienna, 1937). 

Zinc and cadmium form similar ill-defined 
peroxides. Thus by the action of 30% hydrogen 
peroxide on an ammoniacal zinc sulphate solu- 
tion a product approximating to the formula 
Zn02,Zn(0H)2 results A true peroxide, 
ZnOg.OSHgO, is formed when an ether solu- 
tion of hydiogen peroxide reacts with zinc ethyl. 
Magnesium and cadmium peroxides may be 
formed similarly. It is possible that m some of 
tliese preparations the hydroperoxide group, 
Zn—O— O— H, IS present Preparations of 
iiK'dicinal use are obtained in the same way as 
those containing magnesium peroxide 
^lany otlier metals form peroxy-compounds of 
a more or less delinito character. Thus copper, 
sihor, and mercury may all form peroxides, 
t bough in some instances, as for example, m the 
anodic oxidation of silver, it is more likely that 
the pioduct IS an oxide of a higher valency state 
of the metal. These supposed peroxides have 
not been sIiovti to yield hydiogen peroxide on 
ticatment with acids. 

Peroxides of Weakly Electropositive 
Elements of Groups IV, V, and VI. — 

Certain of the weakly electropositive elements 
of Gioups IV^ V, and VI form pcroxy-compounds 
which are intermediate in chaiactcr between the 
peioxides of the more electropositive elements 
and the true per-acids Thus titanium, zir- 
tonium, hafnium, and cerium foim compounds 
of tlio typo M03,2H20 when hydrogen per- 
oxide reacts m alkaline solution with solutions 
of their salts These substances are precipi- 
tated m an amorphous form. 

The formula of the titanium compound 
Ti03,2H20 is bcbt represented as a hydro- 
])or()\ide derived iiom the ortho-form of the 
metal hydroxide (Schwarz and Gicso, Z anorg 
Chcni 1928, 176, 209) 

HO. .OH 

^202 

HO^ ^ OH 
HO. . 0 — 0 — H 

^Ti:; + HgO 

HO^ "OH 

The compound loses oxygen when suspended in 
water and with dilute acids yields hydrogen per- 
oxide The formula is fuithor supported by 
determinations of the ratio of oxide to active 
oxygen and to water (=1;1:2) The compound 


is soluble in potassium hydroxide in presence of 
hydrogen peroxide and from the solution a 
potassium salt, K4TiOfl, may bo isolated, which 
is formulated as a derivative of the ortho - 
poroxy-acid. 

- 0 — 0 . 0 — 0 —- 
K4 V./ 

— 0 — 0 ^ \o— o— 


The titanium compounds servo to indicate the 
typo of compound formed in this group Struc- 
tures are not in every case well established, but 
it IS at least clear that all the so-called peroxides 
of this group contain either the — O — O — 
bridge or the — O — O — H group, either of which 
leads to the liberation of free hydrogen peroxide 
on treatment with acids 
Acid zirconium sulphate solutions when 
treated with hydrogen peroxide at 0° give a pre- 
cipitate consisting of a zirconium peroxysul- 
phate, Zr20gS04,8H20, which has been 
formulated as 



Titanium forms a somewhat similar peroxy-com- 
pound KgfOgTi (804)2], SHgO, which is stable 
in dilute sulphuric acid and which is responsible 
for the yellow colour used m the colonmetrio 
deteimination of titanium with hydrogen per- 
oxide This colour is bleached by fluoride 10ns 
because of the following reaction 


K2[02Ti(S04)2H6HF 

= K2TiFe+2H2S04bHa02 


The boundary between peroxides and per- 
acids IS extremely ill defined, and so it anses 
that m Groups V and VI of the Periodic Table 
the elements vanadium, niobium, tantalum, 
chromium, molybdenum, tungsten, and uranium 
form a number of weak peracids, some of which 
are known to give well-defined salt-like deriva- 
tives. 

Acid solutions of vanadates, for example, give 
a red colour when treated with hydrogen per- 
oxide, and it IS possible to precipitate solid per- 
vanadates by the addition of alcohol. The 
presence m the icd sulphuric acid solution of a 
peroxy-vanadyl sulphate, (V02)2(S04)3, which 
IS transformed by excess of hydrogen peroxide 
into the acid H3VO5, has been suggested. 
Niobium and tantalum yield the per-salts 
Na^NbOg and NagTaOg when excess of 
hydrogen peroxide reacts with solutions of 
alkali mobates or tantalates 

The chemistry of the perchromates is com- 
paratively complex, a number of per-compounds 
being formed by the action of hydrogen peroxide 
on chromic acid. The deep blue ether-soluble 
compound formed when solutions containing 
chromic acid are treated with hydrogen per- 
oxide IS now believed to bo a true peroxide, 
CrOg (for the evidence bearing on the constitu- 
tion of the chromium per-compounds, see H. J, 
Emeleus and J. S. Anderson, “ Modern Aspects 
of Inorganic Chemistry,” Routledge, 1938). 
Reaction of this blue substance w ith alcoholic 
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Bolutions of an alkali gives a series of blue salts 
— the “blue j)erehro mates ” — of the general 
formula M^HgCrO^, whilst a further series of 
perchromates — the “ red perchromates ” — of 
the type MjCrO^ is formed in the reaction 
between hydrogen peroxide and alkaline solu- 
tions of chromic acid below 0°. When their 
solutions are acidified, oxygen is evolved and the 
blue ether-soluble pei oxide is formed It is 
believed that the blue perchromates should be 
formulated as KgCrOijfSHgO (I) and the red 
perchromates as MgCrjOig (II). 

O2 O, 

II II 

KO— Cr—O— O— Cr— O K 

II II 


02 

I 

Oj 

OjK 

OjK" 


1 /0,K 
-CrQ 

KO./J 

11. 

A “.x 


The (hemislTy of the permolybdates is bke- 
wiHO complicated. Solutions of normal molyb- 
dates give a deep colour with hydrogen peroxide 
and on adding solid potassium molybdate to 
ice-cold hydrogen peroxide, the unstable salt 
KjMoOg crystallises This may have four per- 
o\y-groups co-ordinated round molybdenum in 
the anions. With poly molybdates various more 
complex substances arc formed, the formulation 
of which has not yet been settled Tungsten 
forms a series of unstable pertungstates, 
MiWOg, analogous to the simple permolyb- 
dates, and in addition a number of more com- 
plex poroxv-bodies of unknown constitution 

llranyl salts react with hydrogen peroxide 
forming an amoiphous yellow precipitate of 
U04,2H20, the vater in the molecule of which 
cannot be lenioved without decomposition. 
'J'his may possibly bo formulated as 

O -U(0H)3(00H). 

True peruranates are formed by the action of 
alkalis and hydrogen peroxide on uranyl salts 
These include salts such as Na4U0Q,8-9H20 
and Na2U20io,4H20, attempts to formulate 
which are basecl by Rosenheim and Daehr (Z 
anorg ('hem 1932, 208. 81) on determinations 
of the atomic ratios of active oxygen to uranium 
and of true peroxide oxygen to uranium. 

The Persulphates and Percarbonates. 
— IVrmono- and perdi-sulphunc acids represent 
a different typo of poroxy-compound from the 
foregoing in that, though derived from hydrogen 
peroxide and structurally related to it, they con- 
tain in their molecules respectively one and two 
strongly acidic HSO3 groups. The acids there- 
fore behave as strong acids, in contrast to the 
much weaker hydroperoxide compounds, in 
which the functional group is the weakly acidic 
— O — O — H group 

The relationship of Caro’s acid, HgSOj (per- 
monosulphunc acxd), and perdisulphuric acid, 


H2S2O g, to hydrogen peroxide is settled by their 
synthesis as colourless crystalline solids by the 
interaction of anhydrous hydrogen peroxide and 
cooled chlorosulphonic acid, when, according to 
the proportions of the reactants taken, one or 
two of the hydrogen atoms of hydrogen peroxide 
may be replaced by the HSO3 radical 

H202+S02(0H)CI -> HO— O— SO 2 OH, 
H202+2S02(0H)CI -> 

OHSO 2 — O— O— SOgOH. 

The presence of an oxygen bridge in the struc- 
ture IS further indicated by a study of the 
crystal structure of potassium persulphate, which 
shows the two sulphur atoms in the SgOg" anion 
linked by two oxygen atoms 
The percarbonates can, like the persulphates, 
be prepared by the familiar method of elec- 
trolysis with a well- cooled cell and a high anode 
current -density. Electrolysis of a concentrated 
potassium taibonato solution in this uay yields 
a pale blue jiotassiiim percai bonate, K2C20g, 
which, fiom its mode of foimation, must have 
the foi inula (I) 

KO OK 

C— O— O— C 
O " O 

I 


NaO. ,0 ONa 

C-O-C, 

O O 

il 


O C 


O -O— Na 

ONa 

111 


A second senes of percarbonates is formed by 
the action of carbon dioxide on sodium jicroxidc, 
uhen two compounds N 320206 and NagCO^ 
are obtained accoidmg to the proportions of the 
reactants taken These compounds have the 
formuhe (II) and (III), respectively, which are 
consistent with the mode of prejiaration, the 
proportion of active oxygen, and the fact that 
the third compound is formed when phosgene 
reacts w ith sodium peroxide 
Of the remaining elements of Group IV only 
germanium and tin form true peracids A solu- 
tion of sodium metagormanate, for example, 
when treated with 30% hydrogen peroxide at 
0° yields two salts, Na2Ge207,4H20 and 
Na2Ge06, to which the formula) (IV) and (V) 
below are assigned 

NaOO. /OONa 

^Ge— O— Ge^ 

IV. 




O-Ge 


^OONa 

" OONa 
V. 
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Other Per-acids. — Permttic AcuU HNO 4 , 
18 formed, together with nitric acid, when 
nitiogcn pcntoxidc reacts uith anhydrous 
hydrc^gen i)croxidc 

NaOgfH^Oa - HNOgfHNO^ 

It 18 a \eiy unstable compound, with, as might 
be expected, stiong oxidising piopeities 
PerinonopJios phone Acid, H3PO5, is produced 
similarly by dissohing phosphorus pentoxide in 
30% hydrogen peroxide It is interesting to 
note that in this acid, as in pcrmonosulphurie 
acid, the strongly acidic hydrogen atoms are 
those of the OH groups attached directly to the 
phosphoius atom and not that in the residual 
— O — O — H group of hydrogen peroxide 
Electrolytic jiroduction of perdi phosphates was 
first achieved by Eichter (Helv Chim Acta, 
1028, 11, 323) by electrolysing concentrated 
solutions of potassium hydrogen phosphate con- 
taining a high concentration of potassium 
lluoiide Eiom the resulting solution jiotassium 
])erdiphoaphate, K^PgO,,, may be isolated. It 
IS a comparatively stable salt with strong 
oxidising piopeities Peidiphosphoric acid is 
similai to peidisulphunc acid in that it may be 
liydrol}^scd in strongly acid solution in turn to 
permonophos])hoiic acid and hydrogen peroxide 
Perborates aie also known, though the 
('xistencc of a iierbonc acid does not appear to 
have been investigated Potassium motaper- 
borate, KBO3,0 SHgO, IS precipitated by 
iilcohol liom solutions of metaborates to wdiich 
livdrogen peroxide has been added, and a 
sodium peiboiate NaB 03 is foimccl by the 
action of bom acid on sodium hydropc^roxide. 

Compounds Containing Hydrogen 
Peroxide of Crystallisation. — A number of 
salts are known containing hydrogen jieroxido 
of crystallisation which, though not stiucturally 
related to the tiuo peroxides, do show many 
of then oxidising reactions Aqueous solutions 
of .such compounds display all the reac tions of 
hydrogen pei oxide and thus dillei from salts of 
tiue pcracids, liom vvliuh hydiogen peroxide is 
fornusl as a 1 ule only slowlv by h}^drolysis The 
]H‘i acids and tlien s<ilts give an immediate libera- 
lion of lodim^ from potas.sium iodide, whereas 
(ompounds with h>diogen peioxidc of crystal- 
lisation libeiatc iodine only slowly In addition, 
in the latter ca.se, hydrogen peroxide may be 
extracted with ether from the aqueous .solutions 
Solutions of sodium carbonate containing 
hydrogen peroxide give, when treated with 
alcohol, a precipitate of the salt 

Na2CO3,H2O2,0 5H2O, 

which has been used as a constituent in washing 
powders The compound usually known as 
.sodium perborate is similar in type and has the 
constitution NaB02,H202»3H20 and may bo 
c rystallised from alkaline borax solutions treated 
with hydrogen peroxide or sodium peroxide. It 
may also bo produced on a technical scale by 
electiolysis of solutions containing both sodium 
borate and sodium carbonate Like the sodium 
carbonate deiivative, it is used in the preparation 
of washmg powders and bleaching agents. 
Similar compounds aie obtainable from sodium 
Silicate, the compound Na 2 Si 03 ,H 202 ,Hg 0 , 


for example, being formed by dissolving sodium 
metasilicate in a 30% solution of %drogen 
peroxide. 

DSP 

PEROXIDES AND PERACIDS, 
ORGANIC. Oiganic peroxides may be con- 
sidered as alkyl (or aiyl) derivatives of hydrogen 
peroxide, and aie foimed as intermediates in 
many reactions involving oxidation, such as 
autoxidation, bacteriological oxidation of alco- 
hols, drying of oils, explosion in internal com- 
bu.stion engines, photoehemical processes, etc 
They may be prepared by the following general 
reactions : 

* 1 Alkylation of hydrogen peroxide 

2 Oxidation of alkyl radicals 

3 Dehydrogenation of hydroxy-compounds. 

4 Treatment of olefins, aldehydes, ketones, 

hydroxy compounds or alkoxy com- 
pounds with oxygen, ozone or hydrogen 
peroxide 

5 Decomposition of ozonides 

i\I(‘thod 1, and in some cases t and 5, yield 
alkyl peroxides in pine condition 

Jn general the organic peroxides are un- 
stable explosive substances possessing powerful 
oxidising properties With a few exceptions 
they liberate iodine Cjuantitativoly fiom potas- 
sium iodide and are estimated by modifications 
of this reaction (Liebhafsky and Shat key, J 
Amer. Chem Soc 1940,62,190, Kokatnur and 
Jelling, ibid 1911, 63, 1432), by reduction with 
titanous or stannous salts, or by c olorimetiic 
methods involving oxidation of ferrous to ferric 
salts in the piesence of a thiocyanate (Bolland 
et al , Trans Inst Rubber Ind 1941, 17, 29), of 
mdigosulphonic acid (Rostovtseva, Org Chem 
Ind. Russ. 1936, 2, lOfi), of 2 5-bi8-(2 4-dimethyl- 
N-pyrryl)-3 O-dibromohydroquinone (Pratesiand 
Celeghini, Gazzetta, 193(), 66, 365), or of a leuco- 
ba.se obtained by the action of sodium thiosul- 
phate on Methylene Blue (Popesco, Chim. et 
Ind 1939, 42» 25) Some peroxides may be 
estimated polarographically (Koshkin et al , 
Zavodskaya Lab, 1939, 8 , 677; 1940, 9, 166). 
Tiue peroxides containing the — O — O — bridge 
may be differentiated from false peroxides (com- 
pounds with attached hydrogen peroxide) by 
the ability of the former to liberate iodine with- 
out also liberating oxygen from phosphate- 
buffered potassium iodide (Schwarz and Hem- 
rich, Z anorg Chem 1935, 223, 387) 

The peroxides are conveniently classified as 
follows 

I. Transannular Peroxides 
(Bergmann and McLean, Chem. Reviews, 1941, 
28, 367). 

Those contain a L4-peroxide bridge across a 
six-membered ring and are characterised by their 
ready formation under the influence of light and 
air, and by their ability to undergo rearrange- 
ment or even to release oxygen. 

Ascaridole, 

Me%— O^CHMe,, 


18 an oil, b p 80-8 1°/4 mm , with unpleasant 
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taste and smell, which was recognised in 1908 
as the principal anthelmintic constituent of 
chenopodium oil. It decomposes violently at 
130-150°, but if heated m a solvent it isomerises 
to the ether epoxide 



Ruhrene Peroxide is remarkable for its ability 
to dissociate into rubrene and oxygen when 
heated in vacuo ^ 


O 2 1 
"Hleat 




and this may be explained by the resonance 
energy gamed by reversion to the rubrene struc- 
ture Dufraisse (Bull Soc chim 1939, [v], 6, 
422) has shown that many polynuclear aromatic 
hydrocarbons containing the resonating system 


Ph 



yield dissociating peroxides 


II. Hydroperoxides. 

These substances are products of aut oxidation 
of many olefins, the hydroperoxide group being 
located at the a-methylcnic caibon atom 
(Farmer, Trans Faraday Soc 1942,38,348) A 
t haracteristic reaction of the hydioperoxide 
group 18 liberation of oxygen in the cold when 
treated with lead tetra-acetatc Hydroper- 
oxides of ryr/ohexenc (b p 4r)-47°/0 01 mm , 
Cnegee, Her 1939, 72 [B], 1799), tetralin (m p 
56°) and menthene can be meth} latcd with di- 
methyl sulphate and alkali, the methylated 
derivatives R O OCHg show only feeble per- 
oxide characteristics (Hock and Lang, Ber 
1042, 75 [ B], 300) Xylene hydroperoxide has 
b p 61°/0 05 mm , 1 5322 (idem, tbid 1943. 

76 [B], 169). 

Alkyl Hydroperoxides are obtained by half 
alkylation of hydmgen peroxide with dialkyl 
sulphate and alkali (l^ S P 2223807) 

Methyl Hydrogen Pcroxidxi, Me O OH, is a 
pungent liquid, b p 38-40°/G5 mm , which 
attacks organic matter and explodes on heating 
or rubbing (Rieche and Hitz, Ber 1929, 62 [B|, 
2458, Z. angew. Chem. 1929, 42, 8U). It 
reacts as an oxidising agent in acid solution, but 
as a reducing agent in alkaline solution, towards 
which it 18 very sensitive, decomposition pro- 


ceeding with intermediate formation of mono- 
hydroxy dimethyl peroxide, the final decom- 
position products being methanol, formic acid, 
and hydrogen 

Me O OH HCHO+HgOg 

Me O OH+ HCHO -> Me O O CHa OH 

Me O OCHa OH CHgO— + HCOOH-f H I 

2CH3O 5^ CHgOH-fHCHO ' 

MeOOH 

Barium Methyl Peroxide is formed when a 
30-50% aqueous solution of methyl hydrogen 
peroxide is treated with excess of baryta The 
solution so obtained is filtered and warmed with 
alcohol, the salt crystallises on cooling. The 
barium salt is highly explosive, and when diy 
detonates on touching (Rieche and Hitz, Ber. 
1930, 63 [B], 2504) 

Ethyl Hydfogen Peroxide, Et O OH, b p 41- 
42°/55 mm , rij® 1 3800 (Hams, Proc Roy Soc. 
1939, A, 173, 126) docs not e\olve much hydro- 
gen m alkaline solution unless formaldehyde is 
present 

tert -Butyl Hydrogen Pey oxide, Me.^C O OH, 
IS obtained by fractionating an anhy (Irons solu- 
tion of hydrogen peroxide m tert -butyl alcohol in 
the presence of a dehydrating agent It is stable 
at room temperatuic and is only slowly decom- 
posed by alkali (Milas and Hams, J. Amew. 
Chem Soc 1938, 60, 2434) 

III. Hydroxy-alkyl Hydrogen 
Peroxides, 

R CH(OH) O OH. 

These arc obtained by interaction between 
molecular proportions of an aldehyde and 
hydrogen peroxide in dry ethei solution (Reicho 
and Mcister, Ber 1931, 64 [B], 2328) ^’hoy 
readily pass into dihydroxy-dialkj 1 peroxides, 
especially in the presence of wxater, and eliminate 
w'ater readily forming acids With aldehydes 
they do not form a^ym-dibydroxy-dialkyl per- 
oxides, but mixtures of 5yw-dihydroxy-dialkyl 
peroxides (q v). 

Thermal decomposition yields an acid coi re- 
sponding to the original aldehj^do together with 
an alcohol formed by replacement of the original 
CHO group by -OH (Sp.ith, Pailer, and 
vSchmidt, ihid 1941, 74 [B], 1552) 

Hydroxymethyl Hydrogen Peroxide, 

CH2(0H) o oh, 

is an oil, 1 4205 which explodes on heating 
(Rieche and Meistcr, ibid 1935, 68 [B], 1465). 

a- Hydroxy ethyl Hydrogen Peroxide, 

CH3CH(0H)P oh, 

IS an almost colourless oil, readily soluble in 
water, alcohol, and ether With alkali or 
aqueous FeS 04 , acetaldehyde and acetic acid 
are produced : 

2CH3 CH(0H) 0 oh 

ch3CH{oh) o och(oh) ch, 

CH3 CHO+CH3 COOH 
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Dehydration with P2O5 does not yield an 
acid, but gives ethylidene peroxide (Rieche and 
Meister, ihid. 1939, 72 [B], 1933) . 


CH 3 CH( 0 H) 00 H 


-H20 


/O o- 


CHXH 


\ 


Hydroxymethyl Methyl Peroxide, 

CH2(0H) O OCH3, 

from HCHO and CH3 O OH, has bp 45717 
mm. It IS soluble in alcohol and ether, rather 
less so in water. Decomposition with alkali 
gives hydrogen, formic acid, and methanol. 
Hydroxymethyl Ethyl Peroxide, 


The higher aldehydes yield non-explosivo 
crystalline hydroxy-alkyl hydrogen peroxides 
e g , a-hydroxyheptyl hydrogen peroxide, m p. 
40° ; a-hydroxyoctyl hydrogen poi oxide, m p. 
46° ; a-hydroxydodecyl hydrogen peroxide, 
m p. 65-67°. 

IV. Dialkyl Peroxides, 

R-O O R. 


CH2(0H) 0 OC2H3, 

b p. 47°/ 13 mm , is obtained from formaldehyde 
and ethyl hydrogen peroxide 
Hydroxy ethyl Methyl Peroxide, 

CH3CH(0H) O OCH3, 

from acetaldehyde and methyl hydrogen per- 
oxide, has b p 29-31°/22 mm. 

Hydroryethyl Ethyl Peroxide, 


These are obtained by alkylation of both 
hydrogen atoms of ll^(lTogen peroxide with 
2 mol dialkyl sulphate and potassium Ii^tIi oxide 
(BP 568419) Mixed di.dkyl peroxides, 

R O O R', 

are obtained by alkylating alkyl hy^diogen per- 
oxides Dialkyl peroxides are biglily explosive, 
colouiless volatile iKpiids, sjiaiingly soluble in 
water, readily soluble in alcohol and etbei 
They are only’’ A\cak oxidising agents, liberating 
iodine slow4y and incompletely fiom iodid(‘s, but 
may art as ch'hydiogenating agents under the 
catalytic influence of Fe“, e q , 

EtjOj -H R+EtOH 

(Wu'land and Bossert, Annalen, 1934, 509, 1) 

Ih methyl PviOLide, CH3 O O CH^, is a highly 
explosne and shock-sensitive gas, b p 13 5'7760 
ruin (Bieche and Biumshagcn, Her 1928, 61 1 B], 
951) Explosive decomposition ynelds forin.il- 
dehyde and methanol, 

CH3 O O CH3~> CH3OH f HCHO. 

Methyl Ethyl Peioxulr, CH3 O O CgHr,, ob- 
tained by methylating ethyd hydrogen pcuoxide, 
is a mobile liquid, b p Bk/7 10 mm (Hieche and 
Hit/, 1929, 62 [B], 218) 

Diethyl Peroxide has b p 64°/740 mm (Baeyer 
and Vilhgcr, ibid 1900, 33 [B], 3387). 

Tiiphenylmethyl Pcrojide, PhgC O O CPhg, 
m p 185-186°, is obtained by oxidation of tri- 
phenylmethyl with atmospheric oxygon (Gom- 
berg, ibid 1900, 33, 3154, 1904, 37, 3538) 
Peroxides of this type are secondary products 
derived from short-lived ROO' radicals (Ziegler, 
Trans. Faraday Soc 1934, 30, 10). 

V. Monohydroxy-dialkyl Peroxides, 

R CH(OH) O OR. 

Prepared by the interaction of aldehydes with 
alkyl hydrogen peroxides in ether solution 

R CHO+R O OH -- R CH(OH) O OR, 

they are fairly stable distillable liquids ; under 
the influence of Fe” or alkali they decompose, 
yielding acids and alcohols with evolution of I 
hydrogen. | 


CH3CH(0H) O OC2H3, 

IS formed fiom acetaldehyde and ethyd hydrogen 
peioxidc, and has b j) 48-52"'/65 mm (Riecho 
and Hit/, Her 1930, 63 [Ji], 2612) 

\T Di(hydroxyalkyl ) Peroxides, 

R CH(OH) O O CH(OH) R 

These aie piepaicd by mixing two molecular 
pro])oitions of aldehyde with one molecular pro- 
poition of hydiogen [icroxidi* in ethei solution, 

2 R CHOf H2O2 

V R CH(OH) O O CH(OH) R 

(Jiaeyci and Villiger, ibul. 1900, 33, 2485 , Wio- 
land and Winglcr, Annalen, 1923, 431, 310) 

Pcroxulcs liom the higher aldehydes are 
decomposcMl by alkali into aldehydes and 
hy^drogen peioxide 

The unsyunmetneal dihydroxy-dialkyl per- 
oxide’s do not exist , thc’y undeigo transfor- 
mation into mixtures of symmetrical peroxides. 

2 R CH(OH) O O CH(OH) R' 

‘ R CH(OH) O O CH(OH) R 

+ R'CH(OH) O O CH(OH) R' 

J)({hydro} qmvthyl) Peroxide, 

CH2(0H) O O CH2OH, 

is foimed in the hydrolysis of ozonides (Brmer 
and Schnorf, Helv Chim Acta, 1929, 12, 154), 
by the action of ozone on methyl ether (Fischer, 
Annalen, 1 929, 476, 244) and by the action of the 
silent discharge on methane and oxygen (Fuji- 
moto. Bull Chem Soc tTapan, 1938, 13, 281) 
It IS a moderately explosive solid, m p. 62-64°, 
and can be crystallised from ether or chloro- 
form, but care is necessary in attempting to 
induce crystallisation by scratching (Wieland 
and Sutter, Ber. 1930, 63 [B], 74). It is decom- 
posed by water into formaldehyde and hydrogen 
peroxide It will oxidise sulphurous to sul- 
phuric acid, and hydrociuinono to quinone, but 
does not oxidise potassium iodide, reduction 
yields formaldehyde 

Di(hydroxyethyl) Peroxide, 

CH3 CH(OH) O O CH(OH) CHg, 

a pungent oil, readily soluble m water, alcohol, 
and ether, is not highly explosive, but forms, on 
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keeping or warming, highly explosive diethyl- 
Kilene peroxide Dehydration with P 2 O 5 yields 
“ synthetic dimeric butylene ozonide,” 
an unstable mobile liquid which appears to form 
othylidene peroxide on keeping, and yields, on 
distillation, monoperparaldehyde, CqH 2204 , 
bp 45-46°/! 2 mm. (Riecho and Meistcr, ibid 
1932, 66 [B], 1274) 

I) i{trichlorohydro xyethyl) Peroxide, 

CCI 3 CH(OH) O O CH(OH) CCI 3 , 

m.p 122 °, IS obtained from chloral and hydrogen 
peroxide 

Di{hydroxy-propyl)~, -butyl-, and -raleryl per- 
oxides are oils, {di hydroxy heptyl) jmrojtide is a 
solid, m.p. 64° ; di{hydroxy octyl) peroxide has 
mp 72°. 

J) i(hydroxynonyl) peroxide, m p 74°, is a 
fission product of oleic acid ozonide 

Vjr Alkylidene Peroxides. 

Eihyhdcne Peroxide, 

[cHa CH<° 

18 formed by 

( 1 ) deliydration of a-hydroxycthyl hydiogeii 

peroxide or of di(hydroxyetliyl) per- 
oxide with P 2 O 6 subsequent 

warming, in vacuo, of the dehydration 
products , 

( 2 ) prolonged preservation, or warming, of 

butylene ozonide ; 

(3) autoxidation of ether {llioclie, Z angew 

Chom. 1931, 44, 690) 

When freshly prepared it is an explosive viscous 
oil, but 18 not shock-aonsitive , on keeping it 
becomes violently explosive and sensitive to the 
slightest friction Determination of its mole- 
cular weight m benzene give values of x fiom 
4-8 (Kieche and IMeistor, Ber 1931, 64 [B], 
2335) 

Peroiides Formed from Aldehydes and Ozone — 
Ozonolysis of undiluted aldehydes at faiily low 
temiierature gi\ea mixtuies of the coi resjionding 
acids and pcracids, the foimer being in e\<ess 

2R CHO-} O 3 R COgH } R CO 3 H 

and 3R CHO-f O 3 -> 

(Fischer, Dull, and Voltz, Annalcn, 1931, 486, 
80) The “aldehyde peroxides” R CHOg 
obtained by the action of ozone on aldehydes 
(Harries and Koctschau, ibid 1910, 374, 321) are 
probably mixtures of acid, peracid, and un- 
changed aldehyde. 


VIII. Di-alkylidene Peroxides, 


RCH: 


O Ov 

)CHR 
O Q/ 


Di-ethyhdene Perocide, (R-::CH 3 ), is a highly 
explosive ream formed on unarming or preserva- 
tion of di-hydroxycth) 1 peroxide (Wicland and 
Wingler, I c ) 

Dibenzal Peroxide, (R^-C^Hg), in p 202°, is 
obtained by oxidation of bcnzaldehyde wuthf 


Caro’s acid (Baeyer and Villiger, Ber. 1900, 
33, 2485). 


IX. Ketone Peroxides. 

These result from the action of hydrogen per- 
oxide on ketones 

Diacetone Peroxide, m p. 132°, is obtamed by 
the action of Caro’s acid on acetone (Baeyer and 
\ jlJiger, I c ). The formula 

/ 0 - 0 \ 

MegCr )CMe2 

IS ascribed to it. 

Tnacetone Peroxide, (C3H 302 ) 3 , prepared from 
acetone and hydrogen peroxide, is a beautifully 
ciystallino compound, m.p. 98 5°. It explodes 
on percussion or on heating 

Both di- and tri-acetone peroxides are pro- 
ducts of autoxidation of di-isopropyl ether and 
their foi Illation via hydroperoxides has been 
suggested (Rieclie and Koch, Ber 1942, 75 [B], 
1016) 

Mesityl Oxide Peroxide, mp 123° (Wolffen- 
stcin, ibid, 1895, 28, 2265) is foimulatcd as a 
bimolccular peroxide. 


CMCa— CHg— CMe 


0 00 

1 I I 

o 00 

CMeg— CHg^CMe 
CHMeo CH CMe 

I \ 

00 O 

1 I I 

o 


CHMeo 


O O 

I \ 

-CH- 


-CMe 


Petoxides of Cifclic Ketones — Tho initial pro- 
du(t of the leaction of hydrogen peroxide with 
a die ketone i.s jirobably a 1 -hydroxy hydio- 
pei oxide, c g , cyr hipentanone gives 


QH O OH 



w'hich may change spontaneously to a dimer of 
type 


\/ 0 - 0 . 
__ /^o— o 



1 I'-Dihvdiox} -peroxides, c g , 



haxe also boon isolated (Milas, Hams, and 
Panagiotakos, J. Amer. Chem. Soc. 1939, 61, 
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2430; Dilthey, Inckel, and Stephan, J. pr 
Chem. 1940, [ii], 154, 219). 

Lievulic Acid Diperozide, m p 197° (decomp ), 
IS a decomposition product of rubber ozonide 
(Harries, Ber. 1905, 38, 1195) but it is neither 
an aldehyde nor a peracid. Pummercr et al 
(ibid 1931, 64 [B], 804) suggest the bimolccular 
ketone peroxide constitution 

CMeCHoCHaCOOH 

CMeCHgCHgCOOH 

X. Polymeric Peroxides. 

Autoxidation of conjugated dienes or trienes 
yields polymeric peroxides (dimeric to octamenc) 
in which stabilisation of an initially formed 
diradical has undoubtedly been achieved by 
intermolecular reaction (Farmer, Trans. Inst 
Rubber Ind. 1945, 21, 122) 

^C- c— c c— 

— c c— c-c— I 

0—0 


0 O-C c c - c 

1 

c— c c -c 

I 

0—0 - . . 

The polymeric peroxides gcncially exhibit high 
thermal and (’heniical stability, but a highly 
explosive butadiene peroxide has been reported 
(Scott, Ind Eng Chem [Nows], 1940, 18, 404) 

XI. Acid Peroxides and the Peracids. 

Acid Peroxides, (R 00)303 

These arc prepared by ti eating acid (hloiides 
or anhytlndes m ethereal solution with barium 
peroxide, or by the action of the ice-cold acid 
chloride on sodium peroxide, 

2R C0CI+Na202-> (R C0)202+2NaCl 

The acid peroxides are powerful oxidising 
agents ; they undergo decomposition on heating 
and are hydrolysed by water to peracids and 
acids : 

(R C0)202+H20 -> R CO2H+R CO3H 

Diaceiyl Peroxide, (CH3*C0)202, ni.p. 30°, 
b.p. 63°/ 12 mm , is very unstable Its odour is 
sharp and characteristic, resembling ozone. 

Succinyl Peroxide, C4H4O4, is a highly ex- 
plosive crystalline powder obtained from suc- 
cinyl chloride and sodium peroxide , succinic 
peroxide, (COOH CH2 CH2 €0)203, prepared 
from succinic anhydride and 7-5% hydrogen 
peroxide, is more stable, m.p. 124° (decomp ) 

Dibenzoyl Peroxide, (Ph *00)202, is prepared 
from benzoyl chloride and sodium peroxide or 


hydrogen peroxide and sodium hydroxide, and 
IS used extensively as a polymerisation catalyst 
and m peroxide-catalysed 01 game reactions. It 
is fairly stable, m p 103°, but sometimes ex- 
plodes when quite diy, although this tendency 
can be prevented by the admixture of sodium 
chloride before drying The reactions of benzoyl 
peroxide aie mainly those of the radicals result- 
ing from its dissociation 

1 Pyrogenic decomposition eliminates 2 mol. 
of carbon dioxide, (R 00)203 -> 2002+ R R. 

2 In the “ RH scheme” another hydro- 
carbon participates in the reaction and 1 mol. of 
c.iibon dioxide is eliminated, 

(R 00)202+R'H > R OOgH + RR'+OOg 
or R'OOgR'+RH + OOg, 

e.g, PhOI -> Ph PhOI. 

3. The oxygon bridge may suffer cleavage, as 
in hydrogenation or leaction with substances 
susceptible to dehydiogenation, 

(R 00)302 1 2H > 2R OO2H. 

4. In reaction witli waiter or bases m the cold 
it resembles an acid anhydiide, 

(ROO)202+R'NH3 

V R CO3H } R' NH OOR. 

Benzoyl Toluoyl Peroxide and similar mixed 
peroxides are obtained when a mixture of 
different acid chloiides reacts with sodium 
peroxide, but acetylbenzoyl poi oxide is also 
obtained by oxidation ot benzoic acid in acetic 
anhydiide (G.P 037814) 

Peracids, R OO O OH. 

The aliphatic pcrai ids aie obtained by the 
action of ozone on .ildchydcs, or by treating acids 
or anhydrides with hydiogen peroxide and a 
trace of sulphuiic acid or 7>-toliiencsiil phonic 
acid (Boeseken, Rc( tiav chnn 1930,55,815) 
They are valualile oxidj^ing agents for un- 
satuiated substances and ina}. bo used to deter- 
mine unsaturation (Smits, ibid 1930, 49 , 091) , 
if conducted at low temperature the oxidation 
yields oxido-compounds (Findley et al., J Amer 
Chem Soc. 1945, 67, 412), but at ordinary 
temperatures acylated diols are more usually 
obtained. Oxidation does not occur if the 
double bond is adjacent to a carbonyl group, as 
in crotonic acid. 

Peracetic Acid, OH3 OO3H, m p. 0 1°, ex- 
plodes at 110°. It IS readily soluble in water, 
alcohol, ether, and sulphuiic acid. For its 
preparation, see F indlcy (I c ) 

Perhenzoic Acid, OgHg OO3H, m.p. 41-43°, is 
best prepared by treating benzoyl peroxide with 
sodium ethoxide (Braun, Org. Syntheses, 18, 
86). It IS somewhat explosive. 

Thekmal Decomposition of Peroxides. 

George and Walsh (Trans Faraday Soc 1946, 
42 , 94) suggest that peroxides undergo fission at 
the — O — O — bond, followed by fission at the 
weakest adjacent — 0 — 0 — linkage, the largest 
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of the alkyl substituents being split off prefer- 
entially. The following examples illustrate the 
mechanism involved : 

1. tert -Butyl hydrogen peroxide, 

CH 3 CH 3 

I I . . 

CH 3 — C— OOH ^ CHj— C=0+0H + CH 3 
CH 3 

2. Di4ert -butyl peroxide, 



CH3— C— O— O— C— CH3 

I I 

CH, CH3 

CH3 CH3 

I I 

CH3— C - 0 + 0 =C— CH3+C3H3 

3 Benzoyl peroxide, 

Ph CO O O COPh -> Ph-f CO2+6 COPh 

For other data on perovido decomposition, see 
Wieland (Annalen, 1931, 613, 93, 1937, 532, 
166), Hermans {ibid 1935, 519, 133, Rcc trav 
chim 1935, 64, 760), Barak and Stylo (Natuie, 
1935, 135, 760), Harris and Egcrton (Proc. Roy. 
Soc 1938, A, 168, 1), Blown (J Amer Chom Soc. 
1940, 62, 2657), and McLuio (Canad. J Res 
1942, 20 B, 103) 
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G F. B 

PERSIAN BERRIES. These are the 
seed-bearing fruit of various species of Rhamnus 
growing in Franco, Spam, Italy, the Levant, and 
Persia. The Persian berry proper is obtained 
from R. amygdalinaf R. oleoides, and R. saxaldiSy 
and IS about the size of a pea, ycllowish-gieen 
m colour, with a surface much shrivelled, hard, 
and divided, along well-marked depiessions 
forming a cross, into four parts, each containing 
a triangular seed ; its taste is intensely bitter. 

Avignon or French berries, the product of R. 
infectona and R alaternusy are smaller 111 size 
than the foregoing and contain only two seeds 
Spanish, Italian, and Hungarian berries are, 
respectively, the product of R. saxatilis, R. in- 
jector la^ and R. cathartica These are similar m 
quality to the Avignon beiries 
All of those botanical varieties do not contain 
entirely the same constituents, but there is every 
reason to suppose that the colouring constituents 
of those to which the term Persian berry proper 
IS applied are identical in each case 
Persian berries contain the glycosides of three 
colouring matters, quercetin, rhamnazin, and 
rhamnetm (Herzig, Monatsh 1885, 6, 889, 
1888, 9, 649, 1889, 10, 661 ; A. G. Perkin and 
Geldard, J C S. 1896, 67, 600) These sub- 
stances are isolated by digesting the berries with 
boiling water and boiling the extract with 
addition of a small quantity of sulphuric acid 
The glycosides are thus hydrolysed and the crude 


colouring matters separate as a greenish-yellow 
precipitate From this product quercetin is ex- 
tracted with boiling alcohol and rhamnazin is 
removed from the residue by two or three ex- 
tinctions with boiling acetic acid. 

Quercetm, C 15 H 10 O 7 , mp. 316-317°, is 
3 6.7 3' 4'-pentahydroxyflavono : 


OH 



HO CO 


and on fusion with potash yields phloroglucinol 
and protocatechuic acid Its constitution has 
been confirmed by synthesis (v. Quercitron 
Bark). 

Quercetin gives red -brown, brown-orange, 
bright orange, and olive-black shades on wool 
mordanted with chromium, aluminium, tin, and 
iron, respectively 

Rhamnazin , Ci 7H^407, yellow needles, m p. 
214-215°, is a dimethyl ether of quercetin and 
on mcthylation with methyl iodide afiords 
quercetin 3 7 3' 4'-tetTamethyl ether It is 
hydtolysed by alcoholic potash with formation 
of vanillic acid and phloroglucinol monomethyl 
ether and is, accordingly, quercetin 7 3'-dimcthvl 
other. Triatetyl- and tribenzoyl-rhamnazin melt 
at 154-155° and 204-205°, respectively (Perkm 
and Geldard, I c , Peikin and Allison, ibid 1902, 
81, 469) 

Rhamnazin dyes mordanted wool giving 
shades resembling those which are produced by 
kacmpterol (3 5 7 4'-tetrahydroxyflavono) 

Chromium Ahimiiimm Tin Iron 

(Jolflon- Orantjo- Lemon- 01i\e- 

jcllow ydlow >rlIow' blown 

C)nly a small amount of this colouring matter 
IS present in Persian berries. 

Rhamnetm, yellow needles, m p 

above 300°, yields quercetin 3*7:3' 4'-tetramethyl 
other when methylated with methyl iodide, and 
IS hydiol^sed by boiling aqueous or alcoholic 
potash with the production of piotocatcchuic 
acid and phloroglucinol monomethyl ether 
(Herzig, I c ; Perkin and Allison, I c ) It is, 
therefore, qiieicetin 7- methyl ether 

Tetra-acetylrhamnetiiiy m p. 190-192° (Ocsch 
and Perkin, xbid 1914, 105, 2354), tetrapropionyl- 
rhamnetiny m p 168-162° (Liebermann and 
Hermann, Annalen, 1879, 196, 320), and 
rhamnetm sulphatCy orange-red needles (Perkin 
and Pate, J C y. 1895, 67, 650) have been 
prepared. 

Rhamnetm is a strong dyestuff and gives on 
mordanted woollen cloth shades which are 
practically identical with those produced by 
quercetin (Perkin and Wilkinson, ibid, 1902, 81, 
690). 

Xanthorhamnm, C 34 H 42 O 20 , a glycoside of 
rhamnetm, is obtained by extracting Persian 
berries with alcohol (Gellatly, Edm. New Phil. 
Jour. 1858, 7, 252 ; Liebermann and Hermann, 
l.c ) When hydrolysed by means of its specific 
ferment, rhamninasCy which is present in Persian 
berries, xanthorhamnm forms rhamnetm and 
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the complex sugar rhammnoac, C1HH32O14 ; the 
latter, on digestion with boilmg dilute acids, is 
converted into 2 mol of rhamnose and 1 mol 
of galactose (C and G Tanret, Compt rend 
1899, 129, 725). Methylation of xanthorhamnm 
with excess of diazomethane and hydrolysis of 
the yellowish- brown resinous product with a(*id 
yields 3-hydroxy-5.7.3' 4'-tetramethoxyflavone 
indicating that the rhamnmose residue is in 
union with the 3 -hydroxyl group (Attree and 
Perkin, J C S. 1927, 234). 

No glycosides of rhamnazm or quercetin have 
boon isolated as yet from Persian berries. 

Persian berry extract was at one time prepared 
in large quantity by extracting the berries with 
boiling water and evaporating the solution under 
I educed pressure 

Dyeing Properties. — ^With tin mordant, 
Poisian beriies give bright yellows and oranges 
which are only fairly fast to light, but, according 
to Hummel, the yellow ish-olivo produced with 
coppci mordant is extremely fast and is darkened 
i.ither than otherwise by exposure Pensan 
berries, as a rule, give redder shades than 
quercitron bark, a tact which is to be explained 
as due to the hydrolysis of the glycosides by the 
ferment rhammnase, for the quercitrin of 
quercitron bark is not accompanied by such a 
specific ferment, and consequently gives yellower 
shades The action of ihamninase can be em- 
ployed to distinguish between the dyemg proper- 
ties of the glycosides contained m the berries 
and the free colouring matters produced by their 
hydrolysis Thus, if Peisi<in berries are added 
to a cold dyebath and this is slowly heated to 
boiling the glycosides aio hydrolysed by the 
ferment, but if the berries are plunged into 
boiling water, the ferment is destroyed and a 
solution of the glycosides is obtained. In the 
former case w'ool mordanted with tin gives an 
orange-red shade, whereas in the latter a puic 
yellow IS produced. 

Persian benics were formeily used to a con- 
siderable extent in calico-printing foi the for- 
mation of yellow, orange, and gieen shades 

E J C 

PERSIMMON An applc-like fruit said 
to li.ivc origin. ited in China, and now giown m 
considciable qu.'intities in both Noith and South 
Ameiica. Two principal species are distin- 
guished, the American, Diospyius virgimaria 
and tlie Japanese persimmon or Kaki, D, kaki 
or D chiaensis 

The American pcisimmon is somewhat smaller 
than the Asiatic \arieties and, owing to its 
extremely astringent flavour, is allowed to 
become fully ripe before being eaten. 

Accordmg to Bigelow ei al (J Amer. Chem 
Soc. 1906, 28, 688), the fruit averagmg 6-20 g 
in weight has the following percentage com- 
position : 


Solids 

1 

Pro- 

tein 

Acids 

(as 

malic) 

Re- 

ducing 

sugars 

Tan- 

nin 

Fibre 

Ash 

27 3 

1 1 

05 

16 3 

2 1 

1 0 

07 


A mmeral analysis of the fruit is given by 
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Troop and Hadley (Indiana Agric Exp. Sta. 
1896, Bull 60) 


rorcent.iKc of total asli 



K2O 

Na,0 

CaO 

MgO 

Fe203 

Pulp 

(>7 1 

2') 

0 0 

2 8 

0 7 

Seed 

3S 6 

OS 

6 9 

7 1 

1 2 



1 Percentage of total ash 


Mn.Oj 

P205 

SO3 

S1O2 

Cl 

Pulp 

0 08 

9 1 

S 6 

1 8 

0 4 

Seed 

0 10 

13 7 

10 8 

2 00 

0 1 


Analyses of the Japanese kaki show considerable 
vaiiation but the following due to Gore (C S 
Dept Agric. Bur Chem. 1911, Bull. 141) is the 
mean of a number of samples . 


Solids 

j Protein 

Acids 

Reducing 

sugars 

Tannin 

Ash 

21 a 

j 00 

0 14 

15 5 

0 77 

0 5 


All varieties contain glucose, fructose, and 
sucrose as principal sugars There are small 
pi opoi tions of pentosans and pectin Astringent 
\aiicties contain rclativ^ely larger amounts of 
tannin which, however, decrease during ripening, 
the associated physiological changes being a 
subject on which very divided opinions have 
been expressed (see Kumagai and Tazaki, J »Sci 
Agric Soc Japan, 1922, 236, 347, and Davis 
and Church, J. Agric. Res. 1931, 42, 165) 

Pei Simmons contain appreciable amounts of 
ascorbic acid, 39-50 mg. per 100 g. being 
reported Le.ives contain about ton times this 
quantity and yield a medicinal “ tea ” 

A G Po 

PERUVIOL (V Nerolidol, \ ol VIII, 
461cZ ) 

PERVITIN (n “yVl£7H£DR/N£,” Vol VIII, 
4d) 

PEST CONTROL. The total annual 
economic loss for which insect and other posts 
are lesponsible is so coloss.al that, if it could bo 
computed with any degree of accuracy, its ex- 
pression in figures would convey little to the 
mind. It 18 a problem of great antiquity, as is 
evidenced by the story of the locust plagues of 
Egypt and the fait that Pliny gave a senes of 
control measures against cereal diseases in 
\ D. 77, but it IS only in relatively recent years 
that the problem has been approached 
scientifically. 

From the pomt of view of control, pests can 
most conveniently be described under the follow- 
ing arbitrary headmgs 

Disease-carrying Arthropods. — Amongst 
the most important disease vectors are the 
mosquito (Anopheles, jEdes asgyph, carrying 
malaria; genera ^des, Mansonia, Psorophora, 
and Wycomyia, Urban and Jungle Yellow Fever ; 
^des aegypti and A. alboptctus, dengue ; culicme, 
anopheline and sedme species, filiariasis) , the 
louse (Pediculus humanus, typhus group of 
Rickettsial diseases and European relapsing 
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ever) , the tuk (Ixodidsi, spotted fever group of 
Rickettsial diseases, Or mlhodoruH hermsi and 
uricaUi, V S and African icdapsing fcvci), the 
nite {Troinhicula ahatnuHlii and ddicnsiSy tsiit- 
mgamushi fever and sc rub typhus) , the fl(‘a 
Xenopsylla chesjnSy plague) , the sandtly, 
Phlehotomua argenlijjt^ty nvdjoi \ar chincnsis ami 
lergenlty sandfly fever, Leishmaniasis) , and the 
.setse fly (Olosina and rnorsitansy 

rrypanosmiasis). 

The most dangerous insect tiansmittcrs of 
luman bactciial diseases in Great Biitain arc 
the various species of carrion fly, thiougli the 
intestinal canal of which are able to pass un- 
iltercd, within certain limits, most of the patlio- 
^onic bacteiia, fungi, and protozoa that infect 
man. 

It is impossible to assess the damage caused 
by any one of these arthropods, but some idea 
IS gained from the fact that the world death-rate 
From moscjuito-transmitted malaria has been 
estimated as tw'o million annually, that the 
20,000,000 hospitalisation cases per ;year in 
India and the annual economic loss to the 
British Em])iro alone as a result of this disease 
IS in CYccss of £/)0,0{)0,()00 

Stored-food Pests. — The loss due to the 
depredations of insect }K\sts on the world’s culti- 
vated erops alone, amounts to hundreds of 
millions of pounds sterling annually 

The number and \<uiety of these irihects is so 
^rc'at that it is inijiossible to recoid them in full 
here , for further details reference should be* 
made to the numerous Ministry of Food publi- 
cations on the subject (U M Stationery Oflice), 
and A Mallis, “ Handbook of IVst Contiol,” 
MacNair-Dorland (Jo , 1945 

Amongst the more common stored food pests 
are Bcrtles ((\)leo])tei<i) , moths (Lej)iclo- 
ptera) , the ime wee\ il {Sitop/iilKs oi gza) y saw- 
toothed grain beetle (Onjzirphilus ,su) tnamenstft ) , 
Cadollo or bread bc'ctle {'I'envhroidcfi iname- 
tameus) y Ic'ssci gram borer (Rhizoperlha 
dominica) y tobacc'O beetle {Lfussoderma svrvi- 
corne) y the bean w'cevils (Acanthus cehdes 
ohjectus ax\d callosohnahns) y dried fruit bc*etle 
(Carpophiliis hemipterus) y the flour bc*etles 
[Tnbolinxn confusum and casianaum) y the meal 
worms (Tcnebrio molitor and obscurus ) , Mediter- 
ranean flour moth (Kphestra kuehniella) y dried- 
fruit moth (Plodia inter pu net ella ) , and the 
Angoumois giam moth (Siiroga coiudella). 

Agricultural and Horticultural Insect 
Pests. — These, again, are so many and vaiied 
that it 18 impossible to list them in full here 
Most insect orders ha\e many representatives 
which have to bo treated as agricultural, hoiti- 
cultural or foic'st pests, examples of which are 
as follow a : 

Coleoptera, Colorado bettle, apple blossom 
weevil, wood borers. 

Diptera, onion and carrot flics 

HemipterUy leaf hoppers, chrysanthemum 
aphids. 

Ilymenopteray w^asps, pine saw^ flies 

Lepidoptera, codlmg moth, cabbage butterfly, 
spruce bud worm. 

Orthopteray crickets, grasshoppers. 

Thysanoptera, onion and citrus thrips. 


In addition to the insect pests, there are the 
arachnids, topical of which are the red spider, 
citius red mite, and the ticks 

Household Insect Pests. — In Great Britain, 
the principal representatives of the group are: 
the house fly (Musca domestica) y stable fly 
(Stomotys calcitrans) ; and blow-fly (Calli- 
phoiidte and Luc ilia) ; the roaches (Blattidse) ; 
bedbugs (Citnex lectidai lus) , the human fleas 
(Pvlex irntans) ; the spideis (Theridia tepid- 
arrovum) , the clothes moths, piincipal of which 
is the webbing clothes moth (Tineola biselliella ) , 
wasjis (VcHpulne) , and ants, which, whilst not 
tiue household pests, may become very annoying 
when they establish their nests in close proximity 
to the house 

Rodents. — The remarkable ability of the rat 
to adapt itself to every environment, its great 
fecundity, and its habitual running, have made 
it one of the most prolific and harmful species of 
pf‘^t known Rats are extremely destructive in 
attacking farm stock, feeding on stored grain, 
and gnawing hard substances to maintain their 
incisors at proper length, but these depredations 
are of minor importance compared with the 
havoc wrought by such diseases as the various 
forms of plague, bubonic, septicajmic, pneumonic, 
and sylvatie, and typhus, which the rat helps 
disseminate 

The indents best know'n to the pest eonti oiler 
are the brown rat (Halt us noi V€gicu8)y the black 
lat (liattus raUus)y and the house mouse (Mus 
musiulu9)y but hundreds of diffeient species and 
sub-species are encountered all over the world, 
e g y the tree grey and red squirrels (Sciurua 
grisens and S douglasii)y iiocket gophers (genus 
Thomonys)y ground squirrels (genus Ertellus)y 
moles (genus Scapanus)y muskrats (Ondatra 
zibcthicajy andiabbits (gem Lepus and Hylvilagus). 

MLTHOJ)S OF BEST CONTROL 
Insects 

The control of injurious flying and crawling 
pests, popularly termed insects, in the disease- 
carrying and agricultural categoiies, is usually 
<ittemj)ted by using one or mote of the general 
methods based on (a) biological, (b) mechanical, 
oi (c) chenmal techniques 

(a) Biological Control. 

This form of control, which is applicable 
mainly to the eradication of agricultural pests, 
may bo defined as, the encouragement of beneficial 
organisms already existing m the locahty and the 
introduction of new species of beneficial organ- 
isms to that locality. The principles involved 
are discussed m detail in H L Sweetman, “ The 
Biological Control of Insects,” Ithaca, New 
York, 1936, and typical examples are discussed 
below. 

With the higher animals, the scope of bio- 
logical control IS limited entirely to the en- 
couragement of those which are beneficial 
because of their influence upon mjunous 
organisms. Insectivorous birds are of consider- 
able importance in estabbshing the natural 
balance of insects, as is evidenced by the fact 
that it has been found m the Umted States that 
36 kinds of birds feed on the codling moth ; in 
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some localities it being estimated that 00-85% 
of the hibernating larv.e are destroyed b\ this 
means 

Plant piotection by means of jiredator insects 
has far greater sc ope, and whrlst it is by no means 
universally applicable, this method has been 
most successful in many instances The classic 
example is the control of the fluted scale (Icerya 
purchasi) which, towards the end of the nine- 
teenth century, threateiicd the entire citrus 
industry of the Pacific coast of Noith America, 
by the introduction from Australia of its natural 
enemy, the ladybird beetle (Novius cardinahs) 

Whilst the method has been equally successful 
elsewhere, e g , the control of tlie sugar cane 
froghopper by the Amazon fly in British Guiana, 
and the elimination of Promecothea reichi from 
fhjian coconut palm groves by the introduction 
of Pleurotropis parvulus from Java, it is often 
difficult to accomplish because of weather and 
feeding conditions, which are adverse to the 
introduced predator. 

The use of the surface-feeding minnow, 
Gamhusxa, to control Anophelme moscpiito 
larva', has met with considerable success under 
favourable conditions A striking nistame of 
its powers is recorded from thn t\ -two villages on 
the coast of New Ireland in Australia where 
Cambusia were introdmed into all known 
Anophelme breeding giounds, and the spleen 
rate (index of malaiia incideiKc) then compared 
with those of thuty-five other villages not so 
treated 
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Moreover, for the first time on record, there 
was an excess of human births over deaths m the 
treated villages 

The use of parasitic fungi and bacteiia has 
been examined extensively and their importance 
as factors in the natuial control of insects has 
been the subject of frequent controversy 
Whilst the former appears to be capable of useful 
application under limited conditions, the latter 
dc^es not appear to have met with much success 

(b) Mechanical Control. 

This form of control is best exemplified by 
citing its utilisation in mosquito and (later) 
rodent control. The essence of mechanical con- 
trol in the former case is “ water management ” 
in the broadest sense, ? e , alterations to make 
it unsuitable for Anophelme breeding Ano- 
phelines in general breed m clear water and 
different species show preference for varying 
degrees of stagnation or flow, or shade or sun- 
shine, or other factors such as salinity 

Detailed examples of the use of such methods 
are recorded in R. Svensson, “ A Handbook of 
Malaria Control,” London, 1940, the followmg 
examples bemg typical. 


Alteration of Salinity — Mainly applicable in 
coastal regions, c g , the leclamation of land m 
the ZiivdiT Zee area of Noith Holland converted 
blackish dykes into fresh, thus causing the local 
malaria vectoi, maculipeiinis^ to be replaced 
by a non-malana cairying type. The draining 
of the Pontine marshes in Italy resulted in the 
almost total elimination of malaria locally. 
Conversely, the <*hanging of a brackish maish 
at Duraz/o, Albania, into a salt water lagoon 
resulted m the elimination of the local earner, 
A. elutiis 

Alteration of Larval Food Supplies — The 
periodic emptying and drying of sea-watci lish 
ponds on the coast of Java eliminated the thick 
surface growth of green algjc, which suppoitcd 
both A sundaicus and fish, and promoted the 
bottom growing blue-green tilgcU which provided 
neither shelter nor food for the larvtc but 
abundant nourishment foi the fish. 

Alteration of Light and Shade — The planting 
of suitable thuk gi owing shrubs along the banks 
of nairow streams, and the encouragement of a 
dense growth of vegetation in sw'amps, have met 
with great success in Assam .ind Ceylon against 
the sun-loving A minimus and ..1 culicifacies 

Regulation of Water Flow ot Level — This is 
accomplished cithei by inigation, “flushing” 
of streams, damming of swamps unsuitable for 
chaining, and the con veiling into fiesh watei 
lakes, or “ training ” of stre.ims into now beds 
with elimination of stagnant pools, the latter 
method, m conjunction with “ oiling,” was the 
most regularly employed method of malaria 
control used uj) to the outbicak of the Second 
VV^)lld War Winlst expensive, it is, if properly 
applied, an eff(‘(‘tive and ettuient method of eon- 
tiol, outstanding e\ampl(‘s of its successful 
application being the building of the Zambesi 
Bridge and the Singapore Naval Base, and the 
(uttiiig of the Panama Canal, all m highly 
malarious regions 

Other control methods, which may be classified 
as “ mechanical,” are the elimination of agri- 
cultural pests by hand picking, when labour is 
cheap, such as the hand collection by childien 
of tile larvio and adults of the large Cabbage 
White butterfly (Pieris brassicie)^ and the eradi- 
cation of the host plant when other methods of 
control arc inappropriate This latter method 
was successfully used in the eradication of the 
Mediterranean fruit-fly (Ceratitis capitata) from 
Florida in 1929 although it involved the destruc- 
tion of over half a million boxes of grape fiuit 
and (ost the Federal Government over 
$1,250,000 

(c) Chemical Control. 

Chemicals utilised in the control of insects 
cither in the larval, pupal oi adult stages, are 
termed “ insecticides,” and have for many years 
been divided into two types, i.e , stomach or 
contact poisons, depending on whether they are 
absorbed by the insect by ingestion or solely by 
external contact More recently, a third type, 
the fumigants, has become important Stomach 
poisons and contact insecticides are separated on 
the basis of the feeding habits of the insects, the 
first being used against chewing insects and the 
latter agamst the sucking species. Fumigants 
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act 111 the gaseous state through the respiratory 
system. 

Stomach Insecticides, 

These are usually compounds that are rela- 
tively insoluble in water and consequently un- 
able to penetrate plant tissues in amounts great 
enough to cause injury. In order to kill the 
insect, however, they must be soluble to a 
certain extent The most widely used stomach 
insecticides are the arsenicals (Pans Green, the 
arsenitcH, and lead, calcium, and other inorganic 
arsenates) and fluorine compounds (fluorides, 
fluorosilicates, and fluoroaluminates) Pans 
Green (Schwcinfurter Grun) is a micro-ciystal- 
line powder, usually described as copper aceto- 
arsenite, for which the formula 

(CH3COO)2Cu,3Cu (As02)2 

proposed by Ehrmann in 1934 is usually ac- 
cepted l^rovisionally used as a green pigment, 
it first came into use as an insecticide in 18G7, 
when it was successfully employed against the 
Colorado beetle m the eastern parts of the IJ S A 
It was apphed as a dust, mixed with several 
paits of flour or ashes as extender It was later 
UHC'd against the codling moth, a use which 
continued until 1900 Its principal use piior to 
the war was as a mosquito larvicude, its use 
being limited mainly to surface-feeding Ano- 
phellmo larvic , it was applied at the rate of 
1 lb per acie to the w'ator surface as a dust 
diluted w'lth some irieit substance to a strength 
of 2-5% tor large areas and 1% for small areas 
In shallow breeding places, aqueous suspensions 
of J^aris Giccn have been found effective 

Pans Green was originally made fiom ver- 
digris, and the older Pans Greens w^ere conse- 
quently of varying composition. The methods 
of preparation are now taiily well standardised 
anci the insecticides now pioduccd contain at 
least 65% total arsemous oxide, at least 30% 
cuprous oxide, and at least 10% acetic acid, and 
have a definite degree of fineness and a limit to 
the water-soluble arsenic content. 

Arsen ites. — Sodium, calcium, and zinc ar- 
senite have been used in the U.JS A. and Russia 
to a certain extent to control crickets, potato 
bettles, grasshoppers, and forest insects. Certam 
other arsenites have had some popularity, e (/., 
Scheele's Green (acid copper arsenite), was intro- 
duced as a substitute lor Pans Green in 1875, 
whilst London Purple (crude calcium arsenitc- 
arsenato mixture obtained as a by-product of 
magenta production) had a similar use for a 
short time. 

Arsenates. — In general, these are less active 
insecticides than are the arsenites, but they are 
more stable and consequently safer to use upon 
living plants. This safety factor is largely 
responsible for the recent tremendous mcrease 
in the use of calcium and lead arsenates, whilst 
the consumption of arsenites, mcludmg Pans 
Green, has remained static Lead arsenate is 
the best known and most extensively used of 
all stomach poisons, its prmcipal use being 
against codlmg moth in apple orchards. The 
annual American consumption m 1934 was esti- 
mated as being 20,000 tons. 


The lead arsenate most commonly used for in- 
secticidal purposes and described in America as 
“ acid ” arsenate, approximates in composition 
to PbHAs 04 , and is made by the mteraction of 
lead nitrate or acetate and disodium hydrogen 
arsenate. The chemistry of the lead arsenates 
has been studied in detail by McDonnell and 
Smith (J. Amer. Chem. Soc. 1916, 38, 2027, 
2366 , 1917, 39, 937) and an adequate summary 
is given m H Shepard, “ Chemistry and Toxi- 
cology of Insecticides,” Minneapolis, 1945 

Calcium Arsenate — Although the use of lead 
arsenates as insecticides has met with greater 
success, the lead ion appears to play no im- 
portant role, and the desire to replace it by a 
lighter and less poisonous metallic radical, led 
to the development of calcium arsenates free 
from water soluble arsenic compounds Its 
first lecorded use on a largo scale was m 1919, 
about 1,500 tons being used in controlling the 
cotton-boll weevil in the USA The estimated 
American consumption in 1934 w’^as 15,000 tons 
per annum, as compared with 20,000 tons of load 
arsenate, although it has never seriously com- 
peted with the latter m codlmg moth control. 
Objections raised to its use are that it is more 
likely to cause arsenical injury, it ajipears to bo 
less cflective than the lead salt and hydrolyses 
more readily, against which it has the advantage* 
of being cheaper to make and transpoit, and 
there is less risk of cumulative poisonous ellei ts 
from its use 

The chemistry of the calcium arsenates is in 
many ways similar to that of the lead salts It 
was at one time thought that besides the dical- 
cium hydrogen arsenate, CaHAs 04 , theie 
existed a definite tricakium salt, Ca 3 (As 04)2 
Later woik showed this to be unlikely and 
proved that, as with the lead ai senates, there is 
piobably a continuous senes of basic calcium 
arsenates In conti^st to the lead salts, dical- 
cium hydrogen arsenate is too soluble for safe 
application to foliage , the commercial calcium 
arsenates are therefore prepared to contam an 
excess ot lime, and consequently consist of mix- 
tures of indefinite basic calcium arsenates and 
calcium hydroxide The lead arsenates form 
admirable spray suspensions, but the dry salts 
do not icform the excellent suspensions given 
by the pastes The basic calcium arsenates 
afford an excellent powder which finds important 
application as a dust, notably against the 
cotton-boll weevil. The lead arsenates are 
therefore of greater value as sprays, the calcium 
salts as dusts 

Fluorine Compounds.—The earliest recorded 
use of fluoiine compounds for insect control is 
in B.P. 8236 dated 1896. Although not con- 
sideied in plant protection for many yeais, 
sodium fiuoride gradually came into use as a 
roach poison As it is moderately soluble m 
w'ater, the risk of phytocidal action and rapid 
removal by ram, prohibits its use on foliage 
For this reason the silicofluondes and alumino- 
fluorides have tended to take its place, but the 
use of morganic fluoro- compounds as insecticides 
has been ai rested by the discovery that, although 
they do not have the acute toxicity to warm 
blooded animals of the arsenicals, they have 
serious deleterious effects in that slight traces in 
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drinking water have been proved to produce 
mottlmg of the teeth. 

Miscellaneous Stomach Insecticides. — 
Of the many and varied compounds tested m an 
endeavour to find an eftectivo stomach pftison 
of low toxicity to warm blooded animals, few 
have successfully passed the laboratory stage 
The following have all shown promise, but with 
few exceptions have not seen full-scale use, 
usually because of expense, phytocidal activity 
or instability • the ground rhizome of White 
Hellebore, lead chromate, cuprous thiocyanate, 
Keinecke’s salt, alkyl and aryl phosphonium 
salts, and triphenyl phosphme. 

Limited, but definite, uses have been found for 
cuprous cyanide (as a mosquito larvicide), 
dinitro-o-crcsol (2 4-dinitro-6-methylphenol) (as 
an ovicide), phenothiazme (thiodiphenylamine 
or dibenzo-1.4-thiazine) and the explosive sul- 
phur nitride S4N4. 

Contact Insecticides, 

Prior to the recent discovery of the stable 
organic insecticides, D.D.T , Gammoxane, and 
1068, the plant derivatives, nicotine, pyrethrum, 
and rotenone were the most extensively used 
insecticides in this category. Those, together 
with the sulphur and copper compounds and the 
hydrocarbon oils covered a wide field of require- 
ments 

Nicotine (v Vol. VIII, 477c) is an alkaloid, 
which when pure is a mobile, colouiless hquid, 
boiling at 247°c On ageing, it turns brown and 
becomes more viscous. It is water soluble, has 
a disagreeable odour, is appreciably volatile, and 
may be steam distilled. It appears on the 
market both in the free state and as the sul- 
phate, sold under the name “ Black Leaf 40 ” 
containing 40% of the base. 

Nicotine is used mostly as a contact spray for 
the control of soft-bodied msccts such as plant 
lice and codhng moth. A bibliography on the 
insecticidal use of nicotine and tobacco has been 
published by Meindoo et al (U 8. Department 
of Agriculture, E-392, 1936). Nicotine is toxic 
to man, the median lethal dose being about 
40 mg 

The base itself acts principally as a fumigant, 
the active agent apparently being nicotine 
vapour which passes into the tracheie of the 
msects and paralyses the nervous system. That 
its greater volatility is not the only factor 
responsible for the high toxicity of nicotine com- 
pared with that of its salts, is evidenced by the 
fact that in solution the base is 5-7 times as toxic 
to mosquito larvae as the sulphate or hydro- 
chloride. 

The need for a non-residual substitute for lead 
arsenate in codhng moth control has prompted 
research on the use of nicotine and its salts as a 
semi-permanent stomach poison For this pur- 
pose, volatdity is a disadvantage and nicotine 
has been “ fixed,” either by absorbmg it on 
bentonite or peat or usmg it m the form of 
its tannate. The use of penetrants m nicotme 
sprays is beneficial, and of those suggested for 
use, soap is most frequently employed, as not 
only IS it an cfiicient spreading and penetratmg 
agent, but it also has msecticidal properties 

Vol. IX.— 20 


itself. The use of soaps derived from nicotine 
itself as a base does not appear to have found 
practical utilisation. Dusts, prepared by the 
adsorption of nicotine or its sulphate upon finely 
divided carriers, have beoy used since 1917. 
Inert carriers such as gypsum or sulphur are to 
be preferred to “ colloidal ” vehicles such as 
kaohn, kieselguhr, or talc. These have replaced 
the tobacco dusts previously used. 

Compounds Related to Nicotine , — A consider- 
able number of’ compounds, related to nicotine 
m structure, have been examined m an en- 
deavour to find a synthetic substitute and also 
m an attempt to determine the cause of the high 
toxicity of nicotine. Whilst pyridme and pyr- 
role were found by Tattersfiold and Gimmgham 
(Ann. Appl. Biol. 1927, 14 , 217) to be loss toxic 
than their hydrogenated products, piperidine 
and pyrrohdme, the component nuclei of nico- 
tine, none of those four compounds approached 
nicotine in insecticidal activity. Richardson 
j and Shepard (J. Agric Res. 1930, 40 , 1007) 
tested a number of pyridine and pyrrolidine 
derivatives as contact sprays against Aphis 
runiciSy and although all the compounds 
exammed were toxic, only those the structure of 
which closely approached that of nicotine had 
comparable insecticidal value, viz. : 
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Nicotine, 0 0003 



Nuotyrinc, 0 004 



MctanicotiiK', 0 003 



Ethyl-a-0-p> ri(I> Dctliylainine, 0 03 
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Methyl-a.O-pyri(lyl)butylamlne, <0 5. 
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Methyl-a-phen>lbutylamine, 0 5 


R=CH2:CH*CH:CH‘CH2 — ) and cinerolone 
(III; R^CHgCHrCHCHa— ). 

CH COgH 

Me^C ^ ^ CH CHrCMCg 

1 . 


The numbers refer to the concentration required 
to kill 50% of an aphid populatibn under defined 
conditions of test. Tattersfield and Gimmgham 
(l.c ), Macht and Davis (J. Pharm. Exp Ther 
1934, 50, 93), Smith et al (J Eron. Entomol. 
1930, 23, 8G3), and Hixon and Johns (J. Amer 
Chem Soc 1927, 49, 1786) have studied the 
toxicity of nicotine, pyndine, piperidine, and 
comparable compounds. 

Py rethrum. — Pyrethrum has been import- 
ant commercially longer than most insecticides, 
the first reported manufacture on a large scale 
being that of the Armenian, Jiimtikoff, in 1828 
Pyrethrum is a subdivision of the genus chrys- 
anthemum in the family Gomposita?, and to-day 
18 mainly derived fnun C cinerarisefolium Trev, 
the main producing areas being Dalmatia, Japan, 
and Kenya, although Brazil started producing in 
quantity in 1938 

Formerly, pyrethrum was ajiplied in dust form 
obtained by straight grinding of the dried 
flowers, and although it is still used to a certain 
extent in this way against roaches, bedbugs, and 
similar pests, its main outlet now is in solution 
as household, or horticultural, sprays For this 
latter purpose, importation into America in 
1938 amounted to 6,000 tons The solvents 
normally employed for extraction of the flowers 
are kerosene for tlio dilute household sprays and 
chlorinated hydiocarbons for the production of 
the more concentrated types 

Drying under controlled conditions does not 
greatly reduce the pyretlinn content of pyre- 
thrum flowers, although pyrethrum powders 
and dusts exposed m thm layers to air and sun- 
light rapidly lose activity due to oxidation. The 
addition of such anti-oxidants as resorcinol and 
pyrogallol lotards such loss of activity 

Pyrethrum acts with startling rapidity upon 
the insect and m the case of Miisca domestical 
Richardson (J. Econ. Entomol. 1931, 24, 1098) 
was able to use the speed of paralytic action as 
a measure of toxicity of pyicthrum extracts 
Death is believed to be caused by the destruc- 
tion of the cells of the central nervous system 
It 18 not a stomach poison and is non -toxic to 
warm-blooded animals 

The nature of the active prmciple has been 
investigated by Staudinger et al (Helv. Chim. 
Acta, 1924, 7, 177, 201, 212, 236, 245, 377, 390, 
406, 442, 448), by West (J C «. 1944, 61, 239, 
642), and by Haller and La Forge and co-workers 
(J. Amer Chem ISoc. 1936, 68, 1061, 1777, 
J. Org Chem 1938, 2, 546 , 1944, 9, 242 ; 1945, 
10, 106, 222 ; J. Amer. Chem. Soc. 1947, 69, 186, 
979), and has been shown to consist of two types 
of esters, Pyrothrins 1 and II. The acid portions 
of these esters are the cyc/opropane compounds 
(I) and (II), respectively, but the alcoliol portions 
are not homogeneous, and appear in each case to 
consist of a mixture of pyrethrolone (III; 
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Methods of chemical assay, which include the 
Staudinger and Harder (1927) “ acid method,” 
modified by Tattersfield et at, (1929, 1931) and 
Sell (1934), the “ methoxyl method ” of Haller 
and Acree (1935), the “ copper reduction 
method ” of Gnadinger and Cove (1929), and 
Wilcoxon’s “ mercury redu'^tion method ” 
(1936) arc compared and criticised by Martin 
(J. Agrie. Sci 1938, 28, 456) Whilst chemical 
methods were still inadequate for testing pui- 
poses, many biological methods were proposed, 
the most impoitant being the Peet-Grady 
chamber method (J. Econ. Entomol 1928, 21, 
612) involving the spraying of adult houseflies 
with petroleum -base pyrethrum prep«ircitions 

Pyicthrin II has a more rapid paial;y tic action 
(knockdown) but a lower insecticidal cttoct than 
Pyrethrm I in general, although the relative 
toxicity of the two pyrethnns has boon shown 
to depend upon the physical condition 111 which 
they are applied 

Rotenone and Related Compounds (y. 
Vol III, 5596; VII, 144d). — Rotenone is a 
poisonous plant prmciple occurring in certain 
legummous plants, especially in the roots, and 
was used as a fish and arrow poison long before 
its use as an insecticide was first suggested by 
Oxley m 1848. 

Derns /dliptica and D. malaccensis cultivated 
in British Malaya and the Dutch East Indies, 
wore, until recently, the most important sources 
of rotenone compounds, 700 tons of crude derris 
root being produced from those areas in 1938. 
South American sources of rotenone and related 
extractives have been developed recently, 
chiefly the cube of Peru, and the timbo of Brazil, 
U.S imports totalling over 1,000 tons m 1938 
These are roots of plants of the genus Loncho- 
carpuSf principally L. utiles and L. urucu, which 
contain up to 10% rotenone and 20% total 
extractives. 

Rotenone, C23H22O0, is extracted from the 
finely ground roots by means of ether, chloro- 
form or carbon tetrachloride, and when pure 
has m.p. 163®c. Its molecular structure was 
determined almost simultaneously by Haller 
and La Forge (J. Amer. Chem. Soc 1932, 64, 
810), Robertson (J C.S. 1932, 1380), Takei et al 
(Ber. 1932, 65 [B], 1041), and Butenandt and 
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McCartney (Annalen, 1932, 494 , 17). Deguebn, 
tepb rosin, toxicarol, and sumatrol, which are 
closely related in structure but less toxic, also 
occur naturally with or in place of rotenone 
and are similarly obtained by extraction (r. 
Vol. Ill, 559). 

OMe 



Most methods developed for the estimation 
of rotenone (cf. Graham. J. Assoc. Off Agric 
Chem. 1939, 22, 408) involve extraction and 
f ry stall isation after removal of the crystallisa- 
tion inhibitor, toxicol, and are modifications of 
the method developed by Jones (Ind. Eng Chem. 
[Anal ], 1933, 5, 23) Colorimetric methods have 
been suggested (Grose and Smith, J. Assoc. Off. 
Agnc Chem 1934, 17, 33G , . Goodhue, ibid 
193G, 19 , 118) to which both rotenone and 
deguelin react, and 6hemical methods depondmg 
upon the determmation of the “ dehydro ** 
derivatives. Tattersfield (Ann. Appl. Biol. 
1939, 26, 3G5) has reviewed the biological 
methods of assessment. Although those methods 
have, in general, proved inadequate, determina- 
tion of the rotenone content by crystallisation, 
together with an assessment of the total extrac- 
tives, has survived in commercial practice 
The solubihty of rotenone in a number of sol- 
vents has been determined by Jones and Smith 
(J Amer. Chem. Soc. 1930, 62, 2554) , 


Solubility of Rotenone in Various 
Solvents at 20°c 


Solvent 

G per 100 ml 
of solution 

Chloroform . .... 

47 2 

Ethylene dichloride 
Trichloroethylene . 

331 

16-6 

Chlorobenzene 

13 6 

Ethylene chlorohydrin 

11-4 

Benzene 

80 

ajS-Dichloroethyl ether 

75 

Acetone . . . . 

6-6 

Toluene 

6 4 

n-Propyl formate .... 

6-0 

Ethyl acetate . . . . 

4-8 

Xylene 

34 

Acetic acid 

24 

Amyl acetate .... 

1 6 

Carbon disulphide .... 

1-6 

Carbon tetrachloride . 

0-6 

Diethyl ether ... 

04 

Ethyl alcohol . . . . 

02 

Methyl alcohol . . . . 

02 


Derris and Lonchocarpus are used mamly 
against agricultural and horticultural pests m 


the form of dusting powders, aqueous suspen- 
sions, and extracts. The strength of the dust 
depends upon the pest to bo controlled, but 
usually vanes between 0*5 and 1*0% of dorris 
extract. Impregnated dusts are used exten- 
sively in the U.S.A. The aqueous suspensions 
are made up from finely ground root mixed with 
a spreading agent ready for the addition of 
water. Extracts are usually marketed in an 
organic solvent such as pine oil, together w ith a 
dispersing agent 

Although nicotine, py rethrum, and rotenone 
compete with each other to some extent, they 
should really be regarded as complementary, as 
m many cases they are specific in action. In 
general, nicotme acts quickly and little recovery 
ensues; pyre thrum also acts rapidly but con- 
siderable recovery often takes place ; rotenone 
acts slowly but without much recovery even 
at low concentrations. 

The M.L D. for rotenone has been determined 
by oral, subcutaneous, intramuscular, intia- 
venous, and mtraperitonoal administration to a 
number of warm-blooded animals {cf. Haag, 
1937), from which it is deduced that 0 5G-2 I g. 
of derris might bo taken daily by a 70 kg. man 
without serious mjury. 

Rotenone, like pyrethrum, loses its activity by 
exposure to the air. 

Hydrocarbon and Other Oils. — Saturated, 
unsaturated, and aromatic hydrocarbon oils all 
find use as spray materials, as also do vegetable 
and animal oils and coal tais and their deriva- 
tives. Phytocidal factors limit the type of 
hydrocarbon oil, suitable for application to 
foliage, to oils of high percent.igo unsulphonated 
residue and of not too high visv'osity. 

First mention of the use of petroleum oils as 
insecticides was as early as 1787, but it was not 
until 18G5 that a petroleum distillate, kerosene, 
was first used against scale insects on orange 
trees. As a dormant and a summer spray, crude 
petroleum oils have been used in emulsion form. 
The variability in properties of such oils and 
frequent damage to plants led to their replace- 
ment by refined oils. Kerosene as normally 
prepared is composed mainly of paraffin hydro- 
carbons with from 10 to 16 carbon atoms, and 
although it has been used as a spray in emulsion 
form, it 18 most widely employed as a solvent for 
pyrethrins. As an agiicultural insecticide it has 
been largely replaced by more viscous, loss 
volatile oils, of those the “light” oils of 
viscosity between 40 and 60 sec. Saybolt 
have been used in emulsion form for summer 
spraying in the U.S A. and the “ medium ” oils 
(65 to 85 sec. Saybolt) for winter. Those oils are 
highly refined and are almost entirely made up 
of saturated hydrocarbons with 14-18 carbon 
atoms. In general, insecticidal efficiency in- 
creases with the boihng range of the oil. Heavy 
oils, havmg a viscosity greater than 85 sec. 
Saybolt, are used principally as dormant sprays 
and for this purpose need not be so highly 
refined. These are also apphed as emulsions 
and their toxicity is sometimes increased by the 
addition of more active insecticides. 

For application to fohage, oils, besides havmg 
the correct boilmg or viscosity range, should bo 
capable of forming an emulsion of stability 
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sufficient to enable a spray of uniform oil con- 
centration to be applied but, at the same time, 
to bo sufficientfy easily broken to produce an oil 
deposit of maximum insecticidal power. 

For dormant washes agamst insects or eggs 
known to be susceptible to a “ stifling ” action, 
the oil should have a high saturated hydrocarbon 
and low phenol content. A high aromatic hydro- 
carbon content favours chemical toxic, rather 
than physical stifling, action. Vegetable oils 
are not frequently used as insecticides because 
of the ready availability of the cheaper and more 
effective petroleum and tar oils. They have, 
however, limited uses as ovicides, rapcseed oil 
being the best of those yet examined. The fatty 
acids from these oils are insecticidal, the most 
toxic being those containing 10-12 carbon 
atoms. They are rarely used, however, partly 
on account of their high cost and partly because 
of their phytocidal action. 

The soaps also have insecticidal properties, in 
general of the same order of magnitude as the 
component fatty acid. They have been studied 
m detail in an endeavour to determine the 
relationship between chemical constitution and 
toxicity, but have found little use in practice 

The use of coal-tar oils is a recent innovation, 
being first employed in 1920 They make 
excellent dormant sprays and their use for this 
purpose spread rapidly, particularly in Europe 
The most important for insecticidal purposes are 
the creosote oils of boiling range betw een about 
180° and the pitching point 360-400°c , and the 
anthracene or green oils of boiling range between 
about 270° and the pitching point The pre- 
dominant hydrocarbons in these oils are 
aromatic. 

Sulphur and Copper Compounds. — Sul- 
phur and a number of its inorganic compounds 
function as insecticides, acaiicides, and fungi- 
cides, and although used first as insecticides, 
now find greatest use for the other purposes. 
About 230,000 tons of sulphur were used for 
those purposes in 1938, of which about one-fifth 
was used in Franco and over a quarter in Italy, 
whereas the U.JS A consumed about 20,000 tons 
for dusting purposes and 10,000 tons m the 
manufacture of lime-sulphur prepaiations. 

By far the greatest part of the sulphur used for 
insecticidal and acaruidal purposes is in its 
natural state, cither alone or mixed with other 
materials. Foi dust application, flowers of sul- 
phur, produced by sublimation, or the finely 
ground material, is employed The tendency to 
aggregate is frequently overcome by the addition 
of a small amount of inert material such as 
kaolm, carbon black, lead arsenate, or zme 
oxide. For spray application, a wetting agent 
18 added to the finely divided sulphur, soap 
frequently being used for the purpose, although 
alkaline supplements such as lime and sodium 
casemate result m greater efficiency under cer- 
tain conditions. 

One of the most important groups of sulphur 
compounds used for insecticidal and fungicidal 
purposes includes the alkah polysulphides, 
usually marketed in the form of lime-eulphur, 
Liver of Sulphur, and ammonium poly sulphide. 

Lime-sulphur is the product obtamed by 
boiling milk of lime (an aqueous suspension of 


calcium hydroxide) with sulphur. A prepara- 
tion having a specific gravity of not less than 
1 283 18 taken as standard. Much has been 
written about the chemistry of lime-sulphur, 
but the concensus of opinion now favours the 
formation of a mixture of calcium polysulphide 
and thiosulphate according to the reactions 

3S + SHgO -> 2 H 2 S + H 2 SO 3 

CaOjSj CaO|S 
j 2CaS,S;i; 0^0203 

When diluted wuth water and exposed to air, tl^e 
polysulphidcs are first hydrolysed to a slight 
extent, liberating hydrogen sulphide and giving 
the lime-sulphur an alkaline reaction Later, 
oxidation results in the formation of cahiiim 
thiosulphate and free sulphur, whilst the carbon 
dioxide of the air reacts to form calcium car- 
bonate, hydrogen sulphide, and free sulphur 
The not result is that, after spiaving on foliage, 
the greater part of the polysulphide sulphur is 
precipitated as free sulphur, the monosulphide 
sulphur 18 lost as hydrogen sulphide and the 
thiosulphate, being w^atcr soluble, is lost. The 
calcium caibonate, together with any calcium 
sulphate which may bo present, will remain 
wuth the sulphur upon the plant surface 
The insecticidal and fungicidal activities of 
lime-sulphur appear to depend solely upon its 
polysulphido content. Ferrous sulphate is some- 
times used as a spreader, but soaps and calcium 
casemate are useless The use of sulphur sprays 
followed by hydrocarbon oil leads to severe plant 
injury, but as a dormant spray, the combination 
IS safe under certain conditions 
Liver of Sulphur (obtained by the fusion of an 
alkali carbonate and sulphur), ammonium poly- 
siilphide, and calcium monosulphide have found 
limited use as a substitute for lime-sulphur, 
where the disfiguimg deposits are to bo avoided. 

The copper-containing sprays and dusts for 
plant protection are even more (‘onfined to 
fungicidal problems than the sulphur com- 
pounds and will not bo detailed hero Chief 
amongst these is the so-called Bordeaux mix- 
ture, consisting of a mixture of copper sulphate 
and quicklime in water A detailed description 
of this and other copper fungicides is given m 
H Martin, “ The Scientific Principles of Plant 
Protection,” Arnol(t& Co , London, 1944 
Synthetic Organic Contact Insecticides. 
— Prior to the pioneering investigations of 
Tattersfield and his colleagues from 1925 on- 
wards on the relationship between chemical 
constitution and insecticidal activity, the dis- 
covery of now insecticides was usually empirical. 
It is to synthetic, rather than to plant, products, 
however, that attention is now being given in 
the search for better contact insecticides, the Far 
Eastern needs of the Second World War giving a 
great impetus to investigations in this diiection 
Dinitrophenols — Tattersfiqld et al (Ann Appl 
Biol. 1925, 12, 218, J Agric Sci. 1927, 17, 162, 
181) found little difference in the toxic values 
of phenol and the three cresols towards the eggs 
of the Purple Thorn moth, but observed a 
marked increase in toxicity with the addition of 
nitro groups, the best results being obtamed with 
i 3:6-dimtro-o-cresol (DNC) Field tests showed 
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that although it had phytocidal action and a low 
solubility in hydrocarbon oils, it was an efficient 
ovicide in dormant sprays. In an endeavour to 
overcome the handicap of low solubility, Kagy 
and Richardson (J Econ Entomol 1936, 

52) surveyed related phenols and found that 2.4- 
dinitro-6-cycZohexylphenol possessed the neces- 
sary toxicity and solubility 

Organic Sulphur Compounds . — Murphy and 
Poet (ibid 1932, 25, 123) first suggested the use 
of organic thiocyanates, havmg found them 
highly toxic to aphids. Compounded products 
of this type have been patented (U S P 1808893) 
and marketed under the name “ Lethana,^^ the 
principal active constituents being j3-butoxy-)3'- 
thiocyanodiethyl ether and jS-thiocyanoethyl 
laurate. Lauryl and butj^l “ oarbitol ” thio- 
cyanate and fenchyl or bornyl thiocyanoacetates 
(“ Thanite ”) are also active ingredients of 
proprietary vintcr washes. Few other syn- 
thetic organic sulphur compounds ha\e found 
commercial a])plication although the use of 
metal xanthates <ind thiuram sulphides has been 
patented 

Amines and Related Compounds . — The early 
work of Tattersfield and Gimingham (1927) led 
Kearns and Flint (J Econ. Entomol 1937, 30, 
158) to the discovery of N-amyl-N-bcnzylcyclo- 
hcxylamine, which is just as toxic to aphids and 
red spidcis but less phytocidal than the N-amyl- 
N-benzovl derivative 

D.D T , 2 2 - (pp' - dichlorodiphenyl) - 
1 1 1 -trichloroethane, (p-CI CgH^lgCH CCI 3 
— Although first ptepaied in 1874 (Zeidlcr, Bei. 
1874, 7, 1181), the insecticidal properties of 
DDT were not lealised until 1930-37 when 
J R Geigy, S A of Basle, found that it was 
toxic to bugs and subsecpientl^ used it to check 
a plague of Colorado beetle The work of the 
Swiss investigators, leading to the discovery of 
the insecticidal properties of 1)1) T ( Danger 
et al , Helv Chim Acta, 1944, 27, 71, 892) began 
with the search for a moth-proofing agent Its 
subsequent rapid dev clopnient as the result of the 
collaboiative investigations of British, Dominion, 
and American scientists is one of the epics of 
the Second World Wai. An idea of the magni- 
tude and extent of these war-time investigations 
and uses can be gathered from the fact that the 
combined potential annual British and American 
output rose from zero to approaching 20,000 tons 
in under two years, and that at one time it was 
estimated that over 300 scientists were engaged 
in the development of America’s war-time DDT. 
uses. Much of the war-time work has yet to be 
published, but a useful summary of the position 
in 1946 18 to be found in “ Some Properties and 
Applications of D D T ,” London, H M. Station- 
ery Office, whilst a comprehensive survey of 
published work is made in T. F West and G. A 
Campbell, “DDT the Synthetic Insecticide,” 
Chapman and Hall 

DDT IS madfe commercially by variants of 
the process used by Zeidler, i e , hy the inter- 
action of chlorobenzene and chloral or chloral 
hydrate in the presence of sulphuric acid. 
Technical D D.T. is usually a waxy solid con- 
taining between 65 and 80% of pure D.D.T. ; 
the specification for service use in Britain 
required a setting point of 89°, equivalent to a 


pure D.D T. content of not less than 70%, 
When pure, it is a stable white crystalline solid, 
m p. 108*5-109°, unaffected by exposure to either 
sunlight, air or water. It is inappreciably 
volatile at normal temperatures and its solubility 
in water is less than 0 2 parts per million. It is 
least soluble in hydroxylic and polar solvents 
and most soluble in aromatic and chlorinated 


hydrocarbons : 


Table I. 


Solvent 

Solubility, 
g DDT 
per 100 ml 
solyent, at 
27-30‘’c 

nA/(>Hc\anoiie . 
llioxan 

Methylene chloride 

Jlenzene 

'rnchlorocthvlene 
“ Koppers Solvent No 3*27 ” ^ 

Anlsole 

Acetophenone 

o-Duhlorobenzcne 

'retrfthvdronaphthalcne 

Kthvl benzoate 
“ Velsicol AIt-60 ” 2 

Xvlene 

\cctone 

Methyl tsobutvl k(*tone 
(Carbon tetiachloiuh* 

Tetrachloioeth\ Icno 

Benzyl ben/oate 
\myl acetate 

2-Nitropropano 

Dlttbvlene glycol in()m)l>\itv 1 acetate 
(Butyl carbitol nc(‘tate) 

Dimethyl plithalat(‘ 

Dibutvl i)hthalatc 
“ Arochlor 1248 3 

Nitroethane 

Tndalone 

Ether 

Medium kerosene extract ^ 

'Petrahydn )furfii rvl alcohol 

Ethylene glycol monoethvl ether 
Etliylene gl>col monoeth>l ether 
phthalate 

Diacf tone ah ohol 

Pine oil (Hercules “ Y armor ” 302) 

Butv 1 stearate . 

Dicthylene glycol monocthjl ether 
Sesame oil 

Fuel oil No 2 

Benzyl alcohol 

Ethylene glycol monophenyl ether 
(’oconut oil 

Cottonseed oil ... 

Stoddard Solyent White 5 ♦ 

Kerosene crude 

Fuel oil No 1 

Oleic acid 

Castor oil 

Ethyl alcohol (absolute) 

Dipropylene glycol 

Light petroleum (100-120®C ) 

Kerosene, refined (“ Deohase ”) 
isoPropvl alcohol 

2-Ethylhexanediol 13 (“ Rutger's 

612”) 

Ethyl alcohol 95% . . 

Triethanolamine 

Propylene glycol 

Difluoro dichloromethane (” Freon ”) 
(under pressure at SO^c ) 

Methyl cliloride (under pressure at 
30°C 

100-120 

91-100 

84 -91 
77-83 
72-83 
63-71 
63-71 
63-71 

03 -71 
03-71 
56-62 
50-02 

50 02 

50 -55 
40-50 
40-48 
42-45 

39 41 
39-41 
34-40 

34-35 

31-33 

31-33 

29-33 

29-33 

29-33 

27-28 

28 

18-20 

17-18 

ca 16 
ca 15 
ca 15 
ca 13 
ca 12 
ca 10 
ca 10 
ca 10 
ca 10 
ca 9 
ca. 9 
ca 9 
ca 8 
ca 8 
ca 8 
ca 7 
ca 6-7 
ca 5 
ca 5 
ca 4 
ca 2-5 

ca 2 5 
ca 1 5 
< 1 5 
<15 

<2 0* 

60-70* 

• G per 100 g of solvent 


1 Coal-tar hydrocarbons boiling range 230-270®c 

2 Polyalkylated naphthalenes. 

3 Chlorinated diphenyl 
^ Ex Assam Oil Co 

s Refined petroleum hydrocarbon used in dry clean- 
ing industry. 
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Table II. 


Solvent I 

Solubility, g 
n D r per 100 
ml solvent, at 
25-29°C 

l:2-Propylene oxide 

170 

Tetrahydrofuran 

105 

eyeZoHexanone . 

100 

Dimethylformamido 

100 

Methyl ethyl ketone 

100 

i^oPhorone 

100 

Mesityl oxide 

100 

Dioxan .... 

90 

Pyridine . 

90 

Methyl acetate 

87 

1 -Methylnaphthalene 

65 

Quinohno 

60 


Table III. 


Solvent 

Solubility, g 

I) D T per 100 
ml solvent, at 
20^0 

” Nineties ” toluene 

42 

Toluene ... 

41 

Benzene . 

40 

Motor benzole 

39 5 

Wood turpentine 

11 


Table IV — Weight per cent Solubilities 


Solvent 


Temperature ®c 



0 

7 2 

24 0 

45 0 

48 0 

Acetone 

21 2 

27 3 

40 3 



59 0 

Benzene 

08 

27 1 

44 0 

— 

57 8 

Carbon tetra- 

chloride 

00 

105 

18 0 

34 8 


Chloroform 

18 2 

21 0 

31 0 

47 4 

— 

Dioxan . 

8 0 

20 0 

40 0 

— 

01 0 

Ether 

15 0 

18 0 

27 5 

— 

— 

Alcohol (05%) 
Light petroleum 
(3C>-G0°0 ) . . 

08 

1 0 

22 

— , 

3 9 

1 7 

2 4 

4 8 





Pyridine 

1 

21 0 

30 0 

51 0 


02 0 


D.D.T. IS highly toxic to most arthropods but 
much less so to mammals. It is toxic both by 
ingestion and contact, but is relatively slow- 
acting and does not possess the required “ knock- 
down *’ effect of py rethrum It is neither repel- 
lent nor ovicidal, but in some cases, e g , mos- 
quitoes, it attacks the larval stage Its out- 
standing virtue is its pronounced “ residual 
effect ” unequalled by other insecticides. 
Deposited on surfaces, whether as a dust, as an 
oil solution or as an emulsion, it retains for 
several ^veeks its lethal effect on insects coming 
into contact with it 

So far, most effort in the application of 
D.D.T. has been devoted to the control of the 
disease vectors, mosquito, fly, and louse. Its 
use with domestic stock and agricultural pests 
has been less completely studied ; the data 
alieady obtained m this field, however, is 


adequately summarised in H.M. Stationery 
Office’s publication, “ Some Properties and 
Applications of D.D.T.” For direct attack 
against adult flying mosquitoes, aerosols and 
fine mists are employed Spraying for residual 
effect is, however, more general. Spray from 
the air for this purpose is usually applied at the 
rate of 0 2 lb. D D.T. per acre (2 quarts of 5% 
solution, usually kerosene, per acre, or its equi- 
valent). Ground spray, however, is now con- 
sidered more effective, and usually consists of 
spraying the walls and ceilings of houses, bams, 
etc , at dosages of 50 mg. D D.T. per sq ft. 

The penod of control effected by residual 
spraying from the air vanes according to climatic 
conditions and terrain, but 1-2 weeks’ effective 
control only is normally obtained. The efficiency 
of residual spraying of house interiors again 
depends upon such factors as dosage, the type 
of surface sprayed, and temperature, but at least 
8 weeks of effective control is obtained and in 
temperate climates much more. Aeroplane 
spraying at the rate of 0*1-0 2 lb D D T. per 
acre has also been successfully applied to the 
treatment of large areas of water. The duration 
of control is vanable, depending to a certain 
extent upon the amount and type of vegetation 
present and also upon the wind , it is rarely 
longer than 4-7 days. Larval control by this 
means is usually effected by means of oil or 
petroleum distillate solutions, sometimes with 
oleic acid as a spreader; emulsions are not 
recommended m the mam, as there is a greater 
risk of killing fish when they are used. 

Whilst a combination of all or some of these 
methods may be necessary in mosquito control, 
all the evidence points to the regular residual 
spraying of dwellings and other buildings as 
being the most effective single method of control 
This method has also proved effective against 
house and stable flies, bedbugs, and ants ; for 
rapid knockdown of the former a small amount 
of pyrethrum is usually added. 

The role played by DDT. in the control of 
the typhus epidemic in Naples in early 1944 is 
now well known, and considerable expeiieme 
has smee boon gained m the control of the disease 
vector, the body louse {Pediculus humanus) with 
D.D.T. li oz. of 10% D.D.T. dust applied to 
clothing remains effective for 2-3 weeks pro- 
vided the clothing is not washed. Better results 
are obtained by the use of clothing impregnated 
with D.D.T. to the extent of 1%. 5-10% DDT. 
dust (with pyrophyllite, talc, kaolin as ex- 
tenders) IS preferable to solutions for use against 
cockroaches 

Much remains to be done before its true value 
as a horticultural and agricultural insecticide 
can be assessed. Until then, caution must be 
observed in its use m this field. D.D.T. is 
characteiised by its toxicity to most arthropods 
and, as a result, beneficial insects such as bees, 
the predatory Macrocentr us, *&nd the codling 
moth parasite are apt to be destroyed by its 
unmtelligent application. Furthermore, where 
the codhng moth and red spider are found 
together, extinction of the former has resulted 
m a vast mcrease in the red spider population 
which IS resibtant to D.D T. 

Caro must also bo observed m using D.D.T. 
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solutions of high concentrations. Although 
D D.T. is toxic to man, it has been proved by 
British and American investigators (cf. Cameron 
and Burgess, Brit. Med. J , 1945, 866) that there 
IS a wide margm of safety m its use as an in- 
secticide Used as a dust there is practically no 
danger of absorption through the skin ; D.D.T.- 
contaming aerosols may be inhaled with 
safety, and reasonable use of D.D T.-contam- 
ing solutions is free from risk. This also applied 
to the use of oily concentrates provided pre- 
cautions are taken to prevent contact with the 
akin for long periods. Cameron and Burgess 
(l.c ) showed the median lethal dose (L.D.jq) for 
guinea pigs, rabbits, and rats to bo : 



Rabbits 

Guinea 

pigs 

Rats 

Skin application (mg per 

300 



kg) 

Gastric administration 

1,000 

3,000 


(mg per kg) 
Subcutaneous injection 

300 

400 

800 

(mg per kg ) 

250 

900 

1,500 


The L.D.50 dosage for cats (single dose) is about 
250-300 mg. per kg. and not more than 300 mg. 
per kg. for chickens. It is also claimed that fish 
are unaffected by concentrations of not more 
than 1 part DDT to 20 x 10® water. 

“ Gommexune” (y-hexachlorocyclohexane), 
CgHgCle. — Origmally marketed as “666,” y- 
hexachlorocycZohexane, like D.D T., has marked 
residual effect and is used both as a contact and 
a stomach poison. The insecticidal properties of 
this compound were discovered by Messrs. Im- 
perial Chemical Industnes in 1942 (Slade, Chem. 
and Ind. 1945, 40, 314) although it was originally 
prepared by Michael Faraday in 1825. The 
crude product of commerce, made by the chlori- 
nation of benzene, is a sandy coloured powder 
and IS a mixture of at least four isomers ; of the 
four isomers, the y has by far the greatest 
insecticidal activity (j3 negligible ; a 10 times as 
effective as 8 ; and y 3,600 times as effective as 
8), and whilst its lethal dose varies, from one 
pest to another, it is generally lower than that 
for other insecticides. 

It IS usually marketed as the undiluted crude 
reaction product or admixed with an inert 
carnet such as gypsum or powdered limestone. 
It can also be obtained in concentrated solution 
or emulsion form or as a smoke powder. The 
pure y-isomer is a colourless, bitter crystallme 
substance, m.p. 112-5° with low vapour pressure 
(0 03 mm./20°; 0-14 mm/40°; 0-48 mm./60°), 
stable at high temperatures, practically insoluble 
in water but soluble m the common solvents 
given in the Table opposite. 

Gammexane has not yet been tested as ex- 
tensively as D.D.T. but sufficient has been done 
to show that it has exceptional msecticidal 
activity, comparable with D.D.T. in most 
respects and in some cases better, being more 
effective agamst the flea beetle (Phyllotreta spp.) 
than dems, and much better than D.D.T. against 
locusts. It has been used successfully agamst 
the common disease-carrying insects, household, 
stock, horticultural, stored food, and agricultural 


Solubilities of Isomers of Hexaoiiloro- 
CycZoHEXANB AT 20°C. 


Solvents 


Solubilitv , g per 100 g. 
solution 



Alpha 

Beta 

Gamma. 

Delta 

Acetic acid, glacial 

4 2 

1 0 

12 8 

25 6 

Acetone 

13 9 

10 3 

43 5 

71 1 

Benzene 

09 

1 9 

28 9 

41 1 

n-Butyl alcohol 

1 6 

0 7 

44 

19 4 

n-Butyl acetate 

10 8 

7 1 

31 5 

54 4 

i^oButyl alcohol 

09 

04 

3 0 

13 5 

Carbon tetrachloride 

1 8 

0,1 

6 7 

3 6 

Chloroform 

63 

03 

24 0 

13 7 

ci/c/oHexane 

1 4 

08 

46 

27 

ci/cZoHexenc 

5 5 

1 0 

17 4 

14 6 

cyc/oHexanol 

1 9 

06 

4 6 

17 3 

cyc/oHexanone 
“ Dec ” (decahydro- 

17 3 

12 1 

36 7 

49 9 

naphthalene) 

2 5 

04 

87 

10 4 

Diacetone alcohol 

54 

2 9 

21 0 

30 5 

Diethyl carbonate 

10 2 

4 1 

28 4 

46 3 

Diesel oil 

1 5 

03 

4 1 

92 

Dimethyl acetal 

14 3 

3 4 

38 7 

54 7 

Dioxan . 

33 6 

78 

31 4 

58 9 

Ether 

6 2 

1 8 

20 8 

35 4 

Ethyl alcohol 

1 8 

1 1 

64 

24 2 

Ethyl acetate 

12 7 

6 9 

35 7 

58 5 

Ethylene dichlondc 

7 9 

0 6 

28 9 

27 3 

Ethylene glycol 

0 3 

0 1 

06 

4 1 

Ethylidcne cliloridc 

5 7 

0 7 

20 2 

19 5 

Glycerol 

0 02 

Nil 

0 00 

0 2 

Methyl alcohol 

23 

1 6 

7 4 

27 3 

Methyl acetate 

13 C) 

6 7 

27 7 

62 1 

Methyl propionate 
Monoemorobenzene 

13 0 

7 4 

7 9 

04 

37 8 

23 4 

61 6 

21 4 

Naphtha, heavy (230- 
270®) 

Odourless distillate 

5 8 

1 5 

18 1 

30 4 


(198-257®) 

08 

0 02 

20 

1 1 

Paraflm (138-212®) 

1 2 

0 05 

3 2 

4 6 

Perchloroethylenc 

2 4 

0 1 

7 4 

3 5 

Pentane 

Light petroleum (40- 

09 

0 7 

0 1 

2 2 

2 1 

1 6 

60®) 

Light petroleum (CO- 

0 1 

02 

1 6 

1 0 

2 7 

SO®) 

1 8 

Light petroleum (80- 
100®) 

1 0 

0 2 

29 

32 

Light petroleum (100- 

1 




120®) 

1 3 

0 2 

3 5 

3 5 

w-Propyl alcohol 

1 0 

1 1 

5 2 

21 1 

i«oPropyl alcohol 

06 

04 

2 8 

180 

Toluene 

9 0 

2 1 

27 6 

41 6 

Trichloroethylene . 
Distilled water (parts 

3 7 

0 3 

14 7 

76 

per million) 

(10) 

(5) 

(10) 

(10) 

White oil 

0 7 

0 02 

1 9 

1 1 

Xylene 

8 5 

3 3 

24 7 

42 1 


pests, but it is finding its greatest use in the last 
field. 

Its toxicity to man has not yet been deter- 
mined, but it has low toxicity when applied to 
the skin or admmistered orally in smglo doses, 
bemg fairly comparable with D. D T. in this 
respect. 

Other New Organic Insecticides having Residual 
Properties. — The discovery of the residual in- 
secticidal properties and wide apphcability of 
D.D.T. and Gammexane has inspired chemists 
and entomologists all over the world to search 
for new synthetic insecticides m the hope that 
one may be discovered which is easier to manu- 
facture and disseminate, completely non-toxic 
to man and havmg a pronounced knockdown 
effect in addition. No compound having all 
these desirable properties has yet been produced, 
but several for which high claims have been made 
are already on the market. The most interesting 
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of these are “ VeUicol 1068,” a compound of 
unstated structure but having the formula 
C^oH^CIg, and the German war-time dis- 
coveries, o)- chloromethyl - 4 - chlorophenylsul- 
phone (“ Lauseto New ”) and the hexaethyl ester 
of tetraphosphonc acid (“ Bladen ”). 

Fumigants. 

Fumigants are chemical substances which 
exert their insecticidal action in the gaseous 
state, and consequently are commonly used for 
disinfecting large closed spaces such as dwellings, 
ships, and greenhouses 

Hydrocyanic Acid (Hydrogen Cyanide, 
Prussic Acid, HCN). — The acid, when pure, 
18 a colourless gas at temperature above 26°c , 
its boiling-point, with an odour of bitter almonds 
It was first employed against the scale-insect 
pests of citrus in California in 1886, but its use 
is now routine in general gLass-house cultivation 
and against citrus scalc-insects which are highly 
resistant to other insecticides 

It IS usually prepared in situ by the action of 
sulphuric acid on sodium cyanide (cyanide, 1 oz , 
concentrated sulphuric acid, IJ fl oz ; water 
2-3 fl oz ), by gasifying the anhydrous liquid 
acid contained in cylinders or by the action of 
moisture on calcium cyanide (“ Cyanogas ” 
process). 

Because of its highly toxic nature, “ warning ” 
gases, such as the lachrymators chloropicrm and 
cyanogen chloride, are frequently mixed with the 
cyanide 

Although the mode of action of hydrocyanic 
acid has been the subject of much discussion, it 
would appear to bo an interference with normal 
enzymatic activity by combining with the cata- 
lysts present in living tissue. Hydrocyanic acid 
gas 18 , under certain conditions, toxic to plant 
growth and for this reason fumigation at night, 
when the temperature is lower, and the with- 
holding of watering for 24 hours before treat- 
ment, are recommended. 

Carbon Disulphide. — Carbon disulphide, 
CSg, 18 a colourless licjuid, b.p. 46 3°c., readily 
volatilised at ordinary temperatures. The 
vapour, which has an unpleasant odour, is highly 
inflammable and is explosive when mixed with 
air over a wide range of concentrations , hence 
it must be used with great caution. It is highly 
toxic to all forms of life and is used largely as a 
soil insecticide and as an insecticidal fumigant in 
dwellings and warehouses. 

Halogenated Hydrocarbons. — This class of 
fumigant, whilst loss toxic m general than carbon 
disulphide, has the great advantage of being 
non-inflammable Chief amongst those are car- 
bon tetrachloride, CCI4, ethylene dichloride, 
C 2 H.CI 2 , and tetrachloroethane, C 2 H 2 CI 4 . 
The latter is the active agent in certain pro- 
prietary fumigants for use against the white flv. 
Like other chloro -hydrocarbons, it must be used 
with caution because of its phytocidal action 
jp-Dichlorobenzene, C<,H4Cl2, and 2*2'-dichloro- 
diethyl ether, 0(C2H4CI)2» are finding in- 
creasing use as soil insecticides; the former is 
well established as a protectant against house 
moths. Methyl bromide, CHjBr, is findmg 
mcreasing use in the treatment of stored food 
products. 


Ethylene Oxide, (CH 2 ) 20 . — This com- 
pound, a gas at ordinary temperatures, b.p. 
10 7°c , 18 inflammable and toxic to seeds, 
seriously affecting germination If admixed 
with 9 parts of carbon dioxide, the toxic and 
fire risks are elimmated, and such mixtures are 
widely used as fumigants in warehouses. 

Naphthalene, Ci^Hg. — The largest single 
constituent of coal tar, naphthalene is, when 
pure, a highly crystalline solid, m.p 80°c , b p 
218°c., having relatively high volatility. In 
1936 nearly 7,000 tons were used in the U.S.A. 
in the form of “ moth balls,” but it is findmg 
increasmg use as a greenhouse fumigant agamst 
thrips and the red spider The naphthalene 
may bo volatilised by heating, or preferably by 
circulating the greenhouse air through a solution 
of naphthalene of known concentration in a 
suitable solvent. 

Itepellents 

Cedar wood oil, citronella od, oil of cloves, etc , 
have long been used as insect repellents, even if 
of doubtful efficacy, but it was not until the Far 
East Service-needs in the Second World War 
stimulated research that i t‘ally effective mosquito 
repellents were discovered Three of the most 
effective and widely used of the thousands of 
possible repellents tested are aa-dimethyl-a'- 
carbobutoxydihydro-y-pyrone (“ Indalone ”) , 
2-cthyl-l 3-hc\<uicdi()l (“ Rutger's 612 ”) and 
dimethyl phthalate (DIMP), and were used 
admixed in the ratio 1 1 3 by the American 
Services Liquid DMP was favoured by the 
British Service authorities, although a con- 
siderable amount of investigatory work has been 
carried out by Christophers and others (1943-46) 
in an endeavour to develop alternatives. Liquid 
repellents of this type are usually applied as such 
to the skin, and remain effective for 2-4 hours in 
temperate climates 

Tnchloroacctylchloroethy lamidc has been 
shown by the Germans to have marked repel- 
lency towards non-anophelme mosquitoes. 

DMP in emulsion form has been shown to bo 
effective against midges. 

Acgncides. 

The search for acancides or “ miticides ” was 
also intensified during the 1939-45 war because 
of the need to control the scrub typhus-carrying 
mite Trombicula. Dibutyl phthalate (DBP) 
was recommended throughout the war as the 
most satisfactory and lastmg repellent, apphed 
usually to socks, trouser bottoms, etc , but not 
to the skin. Benzyl benzoate, well known for its 
efficacy agamst scabies, was subsequently found 
to be much more effective. 

Dispersal Methods. 

Insecticides are usually dissemmated either as 
the undiluted powder or liquid, in solution, emul- 
sion or suspension form, or as an aerosol. The 
most marked advances m formulation were made 
during the war and the investigations on D.D.T., 
and the folio wmg examples of methods developed 
for its compounding and dispersal are typical of 
those used in the case of the majority of in- 
secticides. 
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Solutions . — Early D D.T. formulations almost 
exclusively made use of kerosene as solvent 
because of its ready availability and proved use- 
fulness with other insecticides Along with 
many other petroleum distillates, it has the dis- 
advantages of being somewhat irritant to the 
operator and phytocidal; m addition it is a 
relatively poor solvent, a saturated solution con- 
taining only about 5% D.D.T. Nevertheless, 
DDT. in kerosene has been most widely used to 
control disease vectors by air and ground spray- 
ing. The use of auxiliary solvents, such as 
cyc/ohexanone, aromatic hydrocarbons, poly- 
alkyl naphthalenes, to increase solubility and to 
prevent J> D.T. crystallising out, has been given 
extended trial. 

Emulsions — Oils and other insecticides not 
soluble m water are frequently applied, par- 
ticularly as agricultural spniys, in emulsion form 
Whilst they tend to corrode spraying equipment 
and frequently to break, the saving in expensive 
solvent and transport is a great advantage In- 
secticidal emulsions of spray strength are usually 
prepared by the “ tank mix ” method or by 
means of stock emulsions or “ miscible ” oils 
In the former method, the insecticide is emul- 
sified m the spray tank by vigorously agitating 
with water and an emulsifier unaffected by hard 
water such as Bordeaux precipitate, sulphite lye 
or blood albumen. A variant is the two-solution 
method, in which a suitable liquid fatty acid, 
e g , oleic acid, is dissolved in the oil to be emul- 
sified and this solution is added to dilute solu- 
tions of alkali, the emulsifier thus being formed 
in situ Stock emulsions are emulsion con- 
centrates obtained by processing oil- water- 
emulsifier mixtures in a colloid mill The 
miscible oils contain the emulsifier dissolved in 
the oil, the term usually taken to cover all 
products which are clear, one phase, solutions 
yielding emulsions when diluted with water to 
spray strength Stock emulsions containing con- 
centrated D D.T solutions have met with some 
success, although they have not by any means 
replaced solutions A typical and well-tested 
concentrate is made up as follows • D D T , 25 ; 
“ Triton A- 100,” 7 , xylene, 68 parts by weight. 

Suspensions . — ^Tho dissemination of agricul- 
tural insecticides, in particular, in suspension 
form, results in great economy, in that no sol- 
vents are required and transport problems are 
mmimised. The arsenicals are widely dispersed 
m this manner, and the modem synthetic m- 
secticides have been satisfactorily wet-ground 
with water and a wetting agent, to give pastes 
readily dilutable by water to give spray strength 
solutions. To ensure even coverage, it is usually 
advisable to agitate during spraying. 

Spraying ApparaUis — For the aerial spraying 
of solutions, emulsions, and suspensions, use is 
normally made of aircraft travelling at 150- 
200 m.p h at the lowest height consistent with 
safety, employmg spray tanks similar to those 
used for laying smoke screens. No attempt is 
made to produce droplets of uniform size ; the 
liquid is usually ejected by gravity through an 
open orifice. 

Attempts have been made to disperse D.D T. 
and other msecticides from the air by feedmg a 
concentrated solution into the exhaust of the 


airplane; helicopters and slow moving craft 
with perforated spray tubes have also boon tried. 
The results so far obtained suggest that none of 
these methods is greatly superior to that 
originally used. 

For ground spraying, two types of spray are 
normally required, a very fine, persistent mist 
to attack insects on the wing and to penetrate 
mto resting places, and a rather coarse spray for 
treatment of walls, ceilings, foliage, etc., for 
residual effect Most sprayers on the market 
leave a lot to be desired, few are robust enough, 
almost all give too coarse a spray at too high an 
output, whilst most nozzle designs are so crude 
as to vary from model to model and are in- 
capable of proper adjustment. Of available 
hand sprayers, the “ MIS 11 ” developed by the 
Malaria Institute in India has proved mechani- 
cally most efficient Stirrup pumps, suitably 
adjusted to handle organic solvents, can bo used 
as a means of dissemination, whilst the con- 
ventional knapsack sprayers are quite satis- 
factory within certain limits. 

Power-operated sprayers have been used for a 
variety of purposes, particularly m agriculture, 
for a number of years They mostly embody a 
swivel plate nozzle through which liquid is 
forced under relatively high pressure, and are 
more lobust and, in the main, better designed 
than the hand sprayers 

Powders — 1) D T , Gammexano, and other in- 
socticides such as Pans Green, cuprous cyanide, 
and dcrris, have been extensively applied in dust 
form by incorporation in finely divided inert 
powders such as kaolin, talc, and pyrophyllite 
The piincipal use of D.D T. in this form has 
been as a 5 or 10% dusting powder for body- 
louse control. Derris-containmg dusts are al- 
most entirely used for horticultural purposes. 
Powders are usually disseminated from the air 
or by means of hand-activated dust guns. 

Aerosols — Considerable effort has recently 
been devoted to the development of technique 
whereby D D.T. and Gammexane may be dis- 
seminated by fine atomisation of solutions or by 
thermal generation 

One method is by means of the aerosol 
“ bomb ” in which a concentrated solution of the 
insecticide is dispersed in the form of a very fine 
mist by means of a compressed gas or the 
evaporation of a low boiling solvent such as 
“ Freon ” or methylene chloride. Various models 
have been developed in the U.S A. which usually 
contain about 1 lb. of msocticide and propellant, 
and are capable of spraying continuously for 
15 minutes. A typical charge is: pyrethrum 
extract (20% pyrethrins), 1 part by volume; 
D D T., 0-5 parts by weight ; sesame oil, 5*0 
parts by volume ; kerosene, 5 0 parts by 
volume; cyclohexanone, 5*0 parts by volume; 
and Freon, q.s. Such a charge is equivalent to 
1 gallon of standard 5% spray and 4 seconds 
spraying will disinfest 1,000 cu. ft. 

In Britain, an individual sprayer, capable of 
disinfesting 1,000 cu. ft. and discharging for 4-5 
seconds has been developed. It consists of a 
“ Sparklet ” bulb with a dip leg and “ break 
off” tip. It works on the same principle as 
the soda-water syphon and ij^ies carboy dioxide 
as propellant. 
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Considerable work is in progress on the possi> 
bihty of dispersing “ residual effect ” insecti- 
cides by thermal generation. Modified thermal 
smoke and tear-gas generators have been tested 
with varying results, the main disadvantage 
being that all such methods are susceptible to 
meteorological conditions. 

Rodents. 

Rats and mice are controlled by a number of 
methods, chief amongst which are traps, 
poisoned baits, fumigants, and repellents. 
Details of the conventional methods aie to bo 
found in A. Mallis, “ Handbook of Pest Control,” 
Macnair-Dorland Co., 1945 

Traps . — Trapping is applicable where the use 
of poisons IS dangerous or where the odour of 
decaying carcases may become objectionable. 
Any form of trap may be used, the spring and 
cage types being normally employed. It is 
common practice to use various types of bait, 
preferably of a type not readily available in the 
location to be cleared. 

Poison Baits . — Greatest use is made of poison 
baits, because of their effectiveness and the ease 
with which they are prepared and distributed 
The poisons used are usually the quick-killing 
strychnine or strychnine sulphate, phosphorus 
paste, and zinc phosphide, or the slower acting 
red squill, barium carbonate, arsenious oxide, 
and thalhum sulphate. The use of the former 
IS often restricted because of their toxicity to 
human beings and animals, particularly as the 
latter have the advantage of allowing the rat 
time to leave the building before dyuig 

Of the rodenticidcs, perhaps the best is red 
squill, in that it is toxic to rats and mice and 
practically harmless to man and othei animals. 
It IS a perennial bulbous plant, belonging to the 
lily family (Urgtnia maritima L) and gro^\s 
wild in the hilly country bordeiing the Mediter- 
ranean. The bulbs average 3-0 in. across and 
weigh up to 5 lb., and are sold cither oven-dried 
and powdered or as an extract in liquid or paste 
form. 

The toxicity of squill is extiemely vauable 
depending upon the method of preparation and 
preservation, freshness, etc ; the lethal dose of 
good grade unfermented, oven-dried, sliced 
squill bulbs is about 25 mg per kg, for white 
rats. 

In recent years, in the U.S.A. in particular, an 
active search has been made for new synthetic 
organic chemical rodenticidcs having constant 
toxic effect upon the rodent and at the same time 
being harmless to man, and domestic and farm 
animals. The ideal rodenticide has not yet 
been found but two types of compound show 
considerable promise, % e., thiourea derivatives 
and certain organic fluoro compounds Of the 
former, a-naphthylthiourea (”^iVTC7” or 

109 ”) has shown most promise, but whilst it 
is effective against the Norway rat it is relatively 
inocuous against the black rat, prairie dogs, and 
Californian field rodents. 

Sodium fluoroacetate is considered the most 
promising of the organic fluoro-compounds al- 
though its use has not yet been confirmed, its 
M.L.D. against rats bemg 6 mg. per kg. ; it does 


not show selectivity towards particular species 
and it is also good for field pest control. It is 
acceptable to rodents, toxic to dogs and cats, 
but relatively harmless to man and larger 
animals. 

Durmg the Second World War the Germans 
developed “ Castrix ” (made from acetoacetic 
ester and urea followed by chlonnation and 
ammation) and p-dimethylaminobenzonediazo 
sodium sulphonate as substitutes for thallium 
in rodenticidcs 

In using red squill and other rodenticidcs in 
poison baits, a wide range of attractive food 
baits may be employed, such as bread crumbs, 
fish, meat, starch, com syrup, and bacon fat. 
It is customary to use non-poisoned baits first to 
overcome the rat’s mherent suspicion and then 
use a variety of poison baits for limited periods 
only. 

Viruses have been used effectively, such as the 
mouse typhus-fever virus, but their widespread 
utilisation is not normally recommended. 

Fumigants — The use of fumigants is limited as 
a means of rodent control. Carbon disulphide 
and smoko cartridges containing phosphorus 
have found limited use in the suppression of 
Californian field-rodent pests. Cyanogas is used 
extensively for disinfesting buildings, ships 
holds, and rabbit runs. 

Repellents — No repellent has yet been devised 
capable of preventing damage to vegetation or 
stored materials by animals. As far as rats are 
concerned, some slight success has been obtamed 
with copper naphthenate and with sulphur, 
whilst the painting of young trees and shrubs 
with a mixture of copper compounds and lime- 
siilphur in a urea-formaldehyde binder has been 
shown to act as a protectant against the depre- 
dations of rabbits. 

Attempts have also boon made to hmit the 
activities of rodents in the field by electrified or 
barrier fences and by sight and hearing control 
devices These latter methods use reflectors, 
lights, cloth streamers and the like, dyeing of 
stored food-products a bright colour, and the 
use of flash guns, firearms, and sundry noise- 
makers None has so far achieved sufficient 
success to warrant its large-scale utilisation 

F. N. W 

PETALITE. A lithium alummium sihcate, 
LiAISi 40 ip, or Li 20 ,Al 203 , 8 Si 02 , crystal- 
lising in the monochnic system, but usually 
massive, foliated cleavable. It has a perfect 
basal cleavage, is brittle, has a hardness of 6-6 J, 
and p about 2 4 Colourless, white, grey, and 
occasionally with a greenish or reddish tmge; 
lustre vitreous, but pearly on cleavage planes; 
transparent to translucent. In common with 
the more important hthium minerals, spodu- 
mene, lepidolite, and amblygonite, it is typically 
found m certam granitic pegmatites. Petalite 
IS a minor source of lithium. 

D. W. 

PETHIDINE HYDROCHLORIDE. 

Ethyl 1 -methyl-4-phenylplpe^dlne-4-carboxy- 
late hydrochloride. Analgesic with morphme- 
like action^ Supp. VII (v. Synthetic 

Deuos). 

S. E. 
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Introduction. 

Petroleum or “ rock oil ” in its more bmited 
sense includes hydrocarbon liquids which are 
obtained from seepages or wells drilled to varying 
depths, from which the oils either flow because 
of underground gas or hydrostatic pressure, or 
are pumped in the absence of such pressure. 
However, the term may be used generically to 
include, in addition to liquid oils, other closely 
related natural hydrocarbon substances such as 
natural gas, asphalts, and waxes The pre- 
dominating compounds in petroleums are hydro- 
carbons, which include representatives of many 
groups. In addition, orgamc compounds of sul- 
phur, nitrogen, and oxygen are present m minor 
amounts, as well as inorganic substances which 
form ash when the oils are burned. Petroleums 
vary from almost colourless, limpid liquids to 
black viscous semi-sohd materials. Between 
these limits practically all intermediate grada- 
tions occur. The specific gravity may vary from 
0*70 to over 1*0, the volatility from that of 
natural gasoline to zero, and the consistency 
from that of water to a solid black tar. Some 
petroleums from the Kcttleman Hills field in 
California are gasolines which liaA^e been utilised 
directly as motor fuel, while, in contrast, some 
^Mexican petroleums are essentially asphalt and 
contain only small amounts of distillable com- 
ponents Some petroleums contain so much 
paraffin wax that they are solid at ordinary 
temperatures 

The colouis of crude oils are as varied as the 
rainbow By transmitted hght they show shades 
of yellow, amber, green, cherry, reddish-brown, 
brown, and black, and many exhibit in addition 
a bluish or greenish fluorescence Their odours 
vary from pleasant to nauseating Some lighter 
oils have an ethereal odour, some are sweet, and 
some smell like turpentine or camphor. Some 
sulphur petroleums emit hydrogen sulphide and 
the vapours of mercaptans, so that they are 
decidedly toxic to plants and animals 

In antiquity there was some knowledge of 
petroleum from surface deposits and seepages of 
oil and gas. Ancient mining methods were of a 
primitive character and limited to placer, open- 
cut or pit mining. It seems probable that depths 
greater than 300 ft were seldom worked, par- 
ticularly because of the issuance of inflammable 
gas associated with the underground extensions 
of surface deposits However, the Chinese 
drilled for oil in 200 B.o. to a depth of 3,500 ft., 
using bronze bits and bamboo tubes to pipe oil 
and gas to the surface for heating and lighting.^’ ^ 
This technique was unknown in the Western 
world until much later 

The earliest recorded use of asphalt was in 
the Euphrates Valley, In this locahty the 
Sumenans as early as 3000 B.o. used it in 
statuary, pottery, bmlding, and roads, * The 
sources of the matenal were seepages and out- 
crops which are still in existence in many 
locahties m the near East, in the areas surround- 
ing the Persian Gulf, the Red Sea, the Eastern 
Mediterranean, and the Black and Caspian Seas. 
These areas still contain outcrops and seepages 
which currently account for the asphalt m the 


regions of Batum, Surakhani, Tiflis, Baku, 
Grozny, and Maikop. Many of the surface soils 
are impregnated with readily inflammable 
hydiocarbons, and there are continuous emis- 
sions of natural gas giving use to perpetual fires 
which are shrines for cults of fire worshippers. 
Mummies of the Egyptian kings were so-called 
because of the use of bituminous material for the 
preservation of the deceased, the word mummy 
being based on the Coptic or Egyptian word 
“ mum,” meaning bitumen. The Babylonians 
used asphalt m bricks for buildmg construction, 
in roads, and for setting stones in floors, that of 
Nebuchadnezzar’s palace being still in fair 
condition. 

Asphalt seepages are located in the Dead Sea 
Basin, and semi -liquid asphalts rise to the sur- 
face of the sea from whence they are skimmed 
and used by the nearby inhabitants for water- 
proofing boats and for heating and cooking. 

The records of Greek and Roman history show 
very little evidence of the use of petroleums or 
asphalts, but rather the use of pitches and tars 
from the distillation of wood. Evidently the 
larger natural sources of asphalt and petroleum 
were in the hands of Asiatics and not available 
to the Western Empires. 

The petroleum industry really began with the 
bringing in of the Drake well on August 27, 1869, 
at Titusville, Pennsylvania at a depth of 69 ft. 
Previous to this time there had been no syste- 
matic drilling for oil, although Indians in New 
York and Pennsylvania had used the oil from 
seepages for several hundred years for medicinal 
purposes. The occurrence of oil seepages near 
the town of Cuba in western New York was 
known to the carhest white explorers ; * and 
George Washington owned lands in Pennsylvania 
which contained a so-called “ burning spring ” 
of oil ^ Petroleum encountered in wells drilled 
for salt was considered a nuisance However, 
small amounts recoveied in connection with salt 
wells wore bottled and sold as cure-alls. In 1873 
a well was drilled which flowed oil in the Baku 
field in Russia, and in 1876 the Nobel brothers 
commenced systematic production, refining, and 
transportation of Russian petroleum on a large 
scale, which initiated the Russian industry. ® 

Since 1869 the petroleum industry has grown 
to be one of the world’s largest. The world pro- 
duction of petroleum in 1859 was 2,000 barrels.’ 
In 1860 a production of 600,000 barrels m the 
Pennsylvaman fields flooded the market and 
depressed prices.’ A reliable estimate of the 
total world production of petroleum of all types 
m 1944 was 2,621,734,000 balrels,® with an in- 
satiable market. Estimates for 1946 are made 
difficult by the transition from war to peace, and 
inadequate reporting of production in many 
countries No reliable figure for world produc- 
tion in 1945 IS available. A well was dnlled to a 
depth of over 16,000 ft. in 1944.® 

Origin of Petroleum. 

Many theories have been advanced to account 
for the ongin of petroleum.^® These may be 
broadly subdivided into inorganic and organic, 
although the latter have practically superseded 
the former in the minds of present experts. The 
earhest morganic theory was proposed by 
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Mendel6eflf, who stated that hydrocarbons similar 
to those of petroleum could be formed under- 
ground by the action of water on carbides as in 
the following equations : 

CaCj+HjO -> CaHa+CaO 

AI4C3+6H2O 3CH4+2AI2O3 

The difficulty in this theory is that it does not 
indicate how the higher molecular weight hydro- 
carbons of petroleum could be formed. The 
interaction of carbon dioxide, water, and sodium 
has been suggested as a mode of hydrocarbon 
formation, but this proposal again does not 
indicate the source of sodium or the mechanism 
whereby the higher molecular weight hydro- 
carbons could bo produced Attempts have 
been made to associate pcitroleum origin with 
volcanic activity, but geologists have proved 
that such association is not characteristic but 
merely accidental, as in the case of some Mexican 
fields. It has been suggested that formation of 
heavy hydrocarbons from lighter ones has been 
promoted by alpha radiation, but this is difficult 
to confirm. The inorganic theories fail to ac- 
count for the presence of chlorophyll porphyiins 
in some asphalts, the invariable presence of 
nitrogen compounds in all petroleums, and the 
optical activity observed in many instances 
The source of petroleums is now believed to be 
the organic matters deposited in marine waters 
or land-locked seas in certain geological periods. 
Such seas have occupied much of the continental 
shelves in past epochs and have been a favour- 
able enviionment for the existence of large 
amounts of marine life, including diatoms, alga?, 
plankton, fishes, and molluscs These have been 
deposited m waters and covered by sediments 
such as clays and marls, so that decomposition 
of the organic remains has taken place under 
anaerobic conditions The initial stage of putre- 
faction may have been biochemical, or due to 
moderately elevated temperature and pressure. 
Successive sediments have covered the organic 
deposits and mild raetamorphism has scaled m 
the organic remains. The mechanism of the 
conversion of the primary organic matter into 
petroleum hydiocarbons remains m doUbt, since 
the best evidence points to the fact that such 
deposits have probably not been exposed to 
temperatures over 60°c, (140°f ). No petroleum 
source rocks are encountered before the Silurian 
Period in the early Paleozoic Era, and most have 
been found in the late Paleozoic and the Meso- 
zoic. In determining the source rocks, account 
18 taken of the migration of the original 
petroleum, which frequently is found in for- 
mations in which it could not have originated 
Fatty oils may have been a source, as it has been 
shown that petroleums are produced when 
animal fats are distilled under pressure 

In contrast to the animal origin of petroleum, 
coal measures are distinctly from vegetation, and 
the association of coal and petroleum as in the 
Appalachian region of the United States is not 
significant since they occur in different non- 
conformable strata. 

The known occurrences of petroleum bear out 
the hypothesis of origin and accumulation m 
mobile epicontinental shelf regions, and the fore- 


deeps of folded mountain ranges. Thus the main 
areas of petroleum production correspond to 
previous land-locked seas occupying inter- 
continental troughs or depressions in the earth’s 
crust, as follows : 

1 The environs of the Mediterranean, Red, 

Black, and Caspian Seas and the 
Persian Gulf, occupying the depressed 
segment between the continents of 
Africa, Europe, and Asia. In this region 
the magnificent petroleum resources of 
the Near and Middle East are now being 
developed 

2 The environs of the Gulf of Mexico and the 

Canbbean Sea, lying m the land-locked 
basin between the continents of North 
and South America. This region con- 
tains the most important petroleum 
resources so far developed in the Western 
Hemisphere , Trinidad, Venezuela, 
Colombia, Mexico, and the Gulf Coast 
area in the United States 

3. The environs of the shallow island-studded 

seas which lie between the continents of 
Asia and Australia in the Far East. Im- 
portant petroleum resources have al- 
ready boon developed on the islands of 
Borneo, Sumatra, Java, and New 
Guinea, and much promismg territory 
remains to be explored in this region. 

4, The environs of the land-locked Arctic Sea, 

lying m the north-polar depression 
between the continents of North 
America, Europe, and Asia. This region 
is almost wholly unexplored, but it is 
characterised throughout by conspicuous 
surface evidence of petroleum with an 
oil field already developed on the Arctic 
Circle. 

The other occurrences arc on the lower slopes of 
the world’s principal mountain ranges, for 
example, that east and west of the Rocky Moun- 
tain range in North America and the Andes in 
South America, the Alps m Europe, and the 
Himalayas m Asia. 

In Europe tertiary foredeep pools occur from 
the Vienna Basin through Galicia into Rumania, 
and minor pools have been found in Italy and 
Albania. Late Paleozoic occurrences are pro- 
bable in England, eastern Holland, and West- 
phalia Other European basins occur m north- 
western Germany, Hungary, and the Rhine and 
Rhone Valleys 

In North America tertiary oil pools occur east 
of the Rocky Mountains from Alberta in Canada, 
through Montana and Wyoming and west of 
the mountains in California. Late Paleozoic 
deposits occur in Now York, Pennsylvania, West 
Virginia, Kentucky, Tennessee, and Alabama 
Another Paleozoic province comprises the entire 
central tableland, including Michigan, Ohio, 
Illinois, Kansas, Oklahoma, central and west 
Texas, and eastern New Mexico ; also Arkansas, 
Louisiana, and east and south Texas. 

Foredeep pools of South America include 
tertiary deposits in Ecuador, Colombia, Vene- 
zuela, and Tnnidad. Less explored areas m- 
clude those- in Bolivia, Brazil, and Argentina. 

Late Mesozoic deposits occur in Asia along the 
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eastern part of the Caspian Sea, in Iraq and 
Iran; and in Borneo and India Other areas 
include the deposits on Sakhalin and the Bahrein 
Islands, and along the east coast of Borneo 
Oil seepages are numerous in China, but explora- 
tion has lagged and few fields have been de- 
veloped Tertiary deposits occur in Burma 

The only African oil regions are m the north- 
west along the Mediterranean, and in Egypt near 
the Gulf of Suez. 

In Austraha there are no clear evidences of 
petroleum deposits. 

The projection map shown in l^^ig. 1 indicates 
the areas corresponding to the four principal 
petroleum basins of the world. This map does 



Flo 1. 


not indicate the foredeep pools and minor pro- 
ducing areas. 

Pkoduction. 

The rate of petroleum production has been 
inci easing rapidly, owing to the gieat demands 
made by internal combustion engines and 
mechanised units of all descriptions. It may bo 
safely asserted that all modern civilisation rests 
on adequate supplies of oil products, such as fuel 
for motors, lubricants, burning and heating oils, 
waxes and asphalts Table I shows production 
figures for various countries and districts of the 
world for 1944, and also the total cumulated 
production thiough that year® Reliable esti- 
mates for 1945 are not available (Jan 1946). 
The United States has produced nearly two- 
thirds of the world’s petroleum and is still pro- 
ducing the world’s supply in about the same 
proportion. As to future production in different 
world areas, varying estimates are available. 

Eugene Stebinger and L. G. Weeks have made 
a comparative analysis of oil-findmg experience. 
Excluding areas of igneous and metamorphic 
rocks as impossible for the production of oil, and 
comparing only sedimentary areas on which oil 
might reasonably bo expected, the United States 
(not includmg Alaska), with 2*4 milhon square 
miles, accounts for 11% of the earth’s sedi- 
mentary area favourable for oil. Of the land 
area of the United States 80% is composed of 
sedimentary rocks likely to contam oil, whereas 
for the earth as a whole less than 40% of the 
land area is of this character. Even so, if sedi- 
mentary rocks yielded oil umformly over the 
earth the United States might expect ultimately 
to produce only 11% of the earth’s total instead 
of 54%, its contribution to date. 


Table I. — Cumulated Production 
THROUGH 1944. 


Continent and 
country. 

Annual 
pro- 
duction 
(thou- 
sands of 
barrels) 
1944 

Year’s 
pix>- 
ducllon 
as per 
cent of 
orld 
total 
1944 

Thou- 

sand 

barrels 

Per 

cent of 
\\ orld 
cumu- 
lated 
pio- 

duction. 

North America 





Canada 

10,000 

0 38 

105,074 

0 21 

Mexico ! 

36,000 

1 38 

2,139,551 

4 58 

Trinidad 1 

25,000 

0 95 

297,494 

0 68 

United States 

1,678,264 

64 01 

29,776,731 

63 89 

Otliers 

200 

0 01 

1,225 

0 00 

Total N 4 

1.749,464 

66 73 

32,320,075 

69 36 

South America 





Argentina 

24,200 

0 92 

320,433 

0 69 

Holi\ ia 

425 

0 02 

2,671 

0 01 

Colombia 

23,500 

0 90 

351,031 

0 75 

Ecuador 

2,500 

010 

33,739 

0 07 

l*eru 

21,000 

0 80 

326,157 

0 70 

Venezuela 

267,000 

10 18 

2,890,087 

6 20 

Others 

60 

0 00 

123 

0 00 

Total 8 A 

338,675 

12 92 

3,924,241 

8 42 

Europe 





Albania 
(’zei ]io8lo\akia 

125 

0 01 

8,068 

3,036 

2,215 

0 01 

0 06 

England . » 

670 

0 02 

0 00 

France 

500 

0 02 

13,243 

0 02 

CJermany 

7.000 

6.000 

0 27 

76,495 

0 16 

Austria 

0 23 

21,802 

0 04 

Himgaiy 

7,500 

0 29 

26,836 

0 05 

Italy 

40 

0 00 

2,993 

0 00 

l»oland 

3,500 

0 13 

276,514 

0 59 

Itumania 

30,000 

0 76 

1,046,140 

2 24 

USSR (Russia) 

275,000 

10 49 

5,370,539 

11 62 

Otliers 

9 

0 00 

76 

0 00 

Total Europe 

320,345 

12 22 

6,847,957 

14 69 

Africa, 





Eg> pt 

9,000 

0 34 

78,205 

0 17 

Algej la 

Others . 

25 

0 00 

143 

213 

0 00 

0 00 

Total Afiica 

9,025 

0 34 

78,561 

0 17 

Asia 





Bahrein Island 

8,750 

0 33 

68,293 

0 15 

JUuma 

1,000 

0 04 

56,421 

0 12 

India, British 

3,000 

0 12 

267,919 

0 57 

Iran (Fersia) 

102,000 

3 89 

1 1,350,832 

2 90 

Iraq 

33,000 

1 26 

279,701 

0 60 

Japan (including 
'J’am an) j 




3,500 

0 14 

96,550 

0 21 

Netlicrland India 

35,000 

1 33 

1,102,807 

2 37 

Sakhalin 

5,500 

0 21 

55,740 

0 12 

British Borneo 
(Sarawak and 



Brunei) 

5,500 

0 21 

118,032 

0 25 

Saudi Arabia 

6,000 

0 23 

31,755 

0 07 

Others 

900 

0 03 

1,050 

0 00 

Total Asia 

204,150 

7 79 

3,429,700 

7 36 

Australia and 





New Zealanil 

50 

0 00 

107 

0 00 

World, undistri- 





buted 

25 

0 00 

1,123 

0 00 

World total 

2,621,734 

100 00 

46,601,764 

100 00 

Data hy global 
units 





West hemisphere 

2,097,164 

80 00 

36,322,877 

77 94 

Europe (includ- 




14 70 

ing U S S R ) 

320,345 

12 22 

6,847,967 

1,730,581 

Middle East 

149,750 

5 71 

3 72 

Far East 

53,500 

2 04 

1,697,469 

3 64 

Others 

976 

0 03 

2,850 

0 00 

Total 

2,621,734 

100 00 

46,601,764 

100 00 
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Stebinger and Weeks have classified sedi- 
mentary areas still further as to their promise for 
oil, retainmg for consideration only the more 
favourable areas where marine sediments occur 
in thick section over extensive basins. Of these 
favourable areas the United States is found to 
have about 0 9 million square miles, or 15% of 
the known total of 6 milhon for the earth. It 
appears from their study that 38% of the sedi- 
mentary area of the United States is favourable 
for oil, whereas, excluding the United States, 
only 27% of the earth’s sedimentary area is 
favourable for oil. If the promising sedimentary 
rocks prove to bo equally productive over the 
earth, the United States will ultimately produce 
only about 15% of the earth’s oil.^^ 

Table II show s the areas of the world classified 
as to their future oil prospects. In designating 
the petroleum reserves of the world, the limita- 
tions of the word “ reserves ” need defining 
“ Proved teservos ” is a nariow term meaning 
only that part of petroleum discovered by actual 
drilling which is recoverable by present opeiating 
methods under existing economic conditions. 
Proved reserves do not include (1) oil under the 
unproved portions of partly developed fields, 
(2) 0x1 in untested prospects , (3) oil that may be 
present in unknown prospects in regions believed 
to be generally favourable ; (4) casing head gaso- 
hne extracted at natural gasoline plants in 
moderately low-pressure fields ; (6) oil that 
may become available by secondary-recovery 
methods from fields where such methods have 
not yet been applied , (6) oil that may liecome 
available through chemical piocessing of natural 
gas ; (7) oil that can be synthetically recovered 
from oil shale, coal, oi other substitutes 
Proved reserves is the narrowest definition The 
word “ reserves,” referring to the oil actually 
found by drilling and recoverable by such 
secondaiy methods as flooding and reprossuring 
with gas covers about twice as much oil as that 
referred to under the term ” proved reserves ” 
” Petroleum resources ” is still broader m its 
meaning and refers to the total oil probably 
recoverable by any method, not only from areas 
proved by drilling but also from areas favourable 
to oil accumulations and the oil equivalent ot all 
source materials which can bo converted into 
liqmd fuels. These sources include natural 
hydrocarbon gas, oil shales, tar sands, and coal 

Composition of Petroleums 
Petroleums from different parts of the world 
are extremely variable in chemical composition. 
They contain varying proportions of paraffin, 
naphthene, and aromatic hydiocarboris, and 
apparently small amounts of unsaturates such 
as olefins and torpenes, although the presence 
of the last two groups m crude oils has some- 
times been a matter of controversy. Compounds 
are present winch contain, in addition to carbon 
and hydrogen, sulphur, nitrogen, and oxygen, 
and small amounts of inorganic components are 
present. The non-hydrocarbon constituents are 
in mmor proportions so that the average 
petroleum is predommately a mixture of hydro- 
carbons of varying molecular structure, mole- 
cular weight, and boihng-pomt. In the fighter 
fractions of petroleums of relatively low specific 


gravity, paraffin hydrocarbons predominate, and 
as the specific gravities of whole petroleums or 
their fractions mcrease, the percentages of 


Table II. — Areas of World Classified 
AS TO Future Prospects for Oil. 



Very 

great. 

Large. 

Locally 

impor- 

tant 

Small. 

North America 





U S.A. 





Gulf Coast 

+ 




Midcontment (in- 





eluding West 





Texas and New 





Mexico) 

+ 




Rocky Mountains 


+ 



California 


1 + 



Eastern 



+ 


Mexico 


4- 



Canada 


+ 



Central America 




4- 

South America 





Venezuela 

“1- 




Colombia 





Peru 





Ecuador 

1 


4* 


J^araguaj 



? 


Chile 




4' 

Argentina 



+ 


Bolivia 



+ 


Brazil 




-f- 

Europe 





England 




4 - 

Gormanj 



h 


Prance 




4 

Italy 




4 

Albania 




4* 

Poland 



4- 


Rumania 


+ 



Spam 




4 

Denmark 




4 

Hungary 



+ 


Czcchosio^ akia 




4 

Esthoma 




4 

Russia 





Baku Region 

+ 




North Caucasus 

- 1 - 




Perm Basin 





Embo Region 


+ 



Asia 





Russia • 





East Ural 


+ 



Sakhalin 


+ 



North Arctic 



+ 


Turkaman Region 

+ 




Tadjikstan and 





Ehirgez 


+ 



Irak 

+ 




Iran 

+ 




Arabia 

+ 




Kuwait 


+ 

1 


Qatar 


+ 



Syria 



4- 


Bahrein 



+ 


Turkey 




4 - 

India 



+ 


Afghanistan 



+ 


Burma 



-f 


Palestine 




4 

Neth East Indies 





China 




4- 

Japan . 




4- 

Australia .... 




4- 

Africa 1 





Egypt . 



4 


Mozambique 




4- 

Angola 




4- 

French North Africa 




4- 

Madagascar 




4- 

1 


(Docs not consld er present discov ered reserves ) 
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naphthenic and aromatic compounds and those 
contaming sulphur, oxygen, and nitrogen usually 
increase. 

The difficulty of separating individual hydro- 
carbons from petroleum limited for many years 
the production of chemical derivatives to those 
of the normally gaseous or low boilmg hqmd 
paraffins which have relatively few isomers. 
This contrasts with the derivatives of aromatic 
hydrocarbons produced from coal tar, wherein 
the base compounds benzene and toluene boil 
at 80® and 110®o. (176® and 230°f ) respectively, 
and are easily separable With improved frac- 
tionation more pure petroleum hydrocarbons are 
available, and an extensive chemical industry is 
developmg which will echpse th.it of coal tar. 

The ordinary temperature -volume distillation 
curves of petroleum fractions show no sharp 
breaks or plateaux, but rather a gradually rising 
slope which indicates the presence of a large 
number of individual hydrocarbons. These 
curves show a downward inflection at the lower 
end and an upward inflection at the upper end. 



Per Cent Distilled 
Fig. 2. 


indicating a small amount of low boiling hydio- 
carbons and a correspondingly small amount of 
relatively high boiling compounds. Fig. 2 
shows a typical distillation curve for a com- 
mercial motor gasohne (USA 1944) 

Separations of individual hydrocarbons in 
petroleum by distillation methods, even those 
of the most efficient type, are complicated by the 
existence of constant boilmg-point mixtures of 
two or more hydrocarbons having different boil- 
mg-pomts, and the fact that compounds of 
widely different composition and molecular 
structure may have practically identical boiling- 
pomts. Then as the molecular weight and the 
number of isomers correspondmg to a given 
number of carbon atoms increase, the differences 
m physical properties such as boihng-pomts and 
freezing-pomts become smaller and add to the 
separation difficulties. 

The presence of paraffin, cyckiparaffin, aro- 
matic and olefin hydrocarbons m petroleum have 
been shown by the activities which whole 
petroleums or their fractions exhibit with 
chemical reagents. Thus fractions from Penn- 


sylvania and most Michigan crude oils show 
httle or no reaction with strong sulphuric acids, 
mdicatmg that they contain relatively small 
amounts of olefins or aromatics and probably 
consist predominantly of paraffins and naph- 
thenes. The same conclusion is deducible from 
the fact that chlorine or hydrogen chloride has 
substantially no effect on their primary distillate 
fractions at ordinary temperatures. Naphthenes 
are readily oxidised by fuming sulphuric acid at 
ordinary temperatures, and the presence of largo 
proportions of those hydrocarbons in Californian, 
Gulf coastal, Russian, and some Rumanian oils 
IS indicated by their vigorous reducing action 
on such acid, even after aromatics have first 
been removed. In Borneo the presence of 
aromatic hydrocarbons is indicated by their 
reactivity with 96% sulphuric acid and with 
nitrating mixtures. Cracked oils contain olefins 
which react with 87% or weaker sulphuric acid. 
The presence of aromatic and/or olefin hydro- 
carbons IS also indicated by the action of ethyl 
alcohol, liquid sulphur dioxide, aniline, and other 
solvents having known selectivity for such 
hydrocai bons. 

Using unproved fractional distillation methods, 
tlio normally gaseous hydrocarbons methane, 
ethane, propane, and normal and i^obutano have 
been separated in more or less pure condition 
from natural and refinery gases. The three five- 
carbon atom paraffins, n-pentane, li^opentane, 
and wcoperitane have been separated from low- 
boilnig petroleum distillates in quantities 
deci easing in the order given The w- and iso- 
compounds have been frequently isolated, but 
^ieopentane is present in such small quantities 
that its presence has only been jiroven by infia- 
red spectrophotometry It has been shown to 
bo in fractions of both east and west Texas 
crudes Natural gases are composed principally 
of hydrocarbons of which methane constitutes 
up to 98%. Some gases contain no non- 
hydiocarbon compounds, but others contain 
carbon dioxide, nitrogen, hydrogen sulphide, 
and hehum 

The presence of many individual hydrocarbons 
from the difiFerent groups has been indicated in 
petroleums from all parts of the world. In 
many reported instances of the occuirenccs of 
individual hydrocarbons, quantitative data are 
lacking, but specific compounds are present in 
quantities loss than 1%. 

Paraffin Hydrocarbons 

Paraffin hydrocarbons have been separated 
by fractionation of the liquids recovered by cool- 
ing, compressing or absorbing “ wet ” natural 
gases to produce “ natural ” or oil well “ casmg 
head ” gasolmes In these gasohnes, w-pentane, 
isopentane, n-hexane, 2-methylpentane, n- 
heptane, 2-methylhexane and a mixture of 
octanes have been identified In Table III a 
number of normally hquid paraffin hydrocarbons 
are hsted, which have been reported by various 
investigators to occur in different crude oils.^’ 

In addition to the hydrocarbons listed in the 
Table, higher molecular-weight paraffins con- 
taining from 13 to 22 carbon atoms per molecule 
have been mdicated. 
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Table III. 

CHjLCHjVCHj CH3CH(CH,)CH*CH, 

n-Pentanc i?oPentaiie. 

C(CH,)4 CH3[CHJ,CH3 

neoPentane w-Hexane. 

(CH,)3CHCH(CH3)3 

2 3-Dimethylbutane (Tetramethylethanc) 

CH3CH(CH3) [CH,]3CH3 

2- Methylpentane 

CH3CH2CH(CH3)CH2‘CH3 

3- Methylpentane 

(CH3)3CCH3CH3 CH3LCH313CH3 

2 2-Diiiiethylbutane. «-Heptaiic 

CH,CH(CH3) [CH313CH3 

isoHoptane (2-niethylhexane) 

CH3CH(CH3)CH3CH(CH3)CH3 

2 4-DimethyIpcntanc 

CH3C(CH3)3 [CHjljCHj 

2 2-Dlmetliylpentane 

(CH3)3C(C3H3)3 CH3[CH3]eCH3 

3 3-l)irneUiylpentane w-Octane 

(Dlmethyldiethyline thane ) 

(CH,)jCH [CH3]3 CH{CH,)3 

2 5-Dimethylhcxaiie (I’etramethylbutanc) 

CH3[CH3],CH3 CH3[CH,]3CH3 

n-Nonaiic n-Decanc 

(CH3)3CH [CHjVCHICHj)* 

2 7-l)imethyloctane (Diisoaniyl) 


and naphthas are essentially mixtures of paraf- 
finic and naphthenic hydrocarbons. While only 
hmited data are available on the actual percent- 
age of naphthene hydrocarbons, many have been 
positively identified, and Table IV gives a hst of 
some of them : 


Table IV. 


.Ih, 


CH, 


CH 3 — CH 3 

(Ihj ([h. 


— - 'a — - - X 


cyc^oPentane 

Methylcydopentane 

CH. 

CH2 CH CH3 

CH3 CH3 

1 i 

1 1 

CH3 CH3 

CHj CHj 


CHCH3 



cycloHexsine 

1 3-Diinethylc2/cZo- 


pentaiie 

CH3 

CH2 CH2 


(Ihj cImj 

1 1 

CH3 CHj 

(Ihj cIh^ 



letliylcycZohexane 

cyc/olleptane 


CH CHj 
CH 3 CHj 

([h. (IhCHs 

CH 3 

1 3-Dimethylcyc;ohexane 


CH CH 


CH 2 

CH, 


3 

CH CH 


(ih. 


3 


CH 2 

1 2-Dmiethylcyc;ohe\ane 


C 11 H 24 Ci 2 H 2 e 

Uiidecane Dodecane 

Olefin Hydrocarbons. 

The presence of olefins in petroleum oils has 
been reported by many investigators,^® but 
whether these hydrocarbons wore present in the 
original crude oils and not formed by decom- 
position reactions during their distillation is still 
a matter of dispute. Some crude oils have been 
reported to contain no olefins and others have 
been stated to contain amylene, hexylene, hep- 
tylenes, octylenes, nonylenes, and mono -olefins 
of higher molecular weight, up to 13 carbon 
atoms per molecule. The latest researches 
indicate that if olefins are present they are only 
in very small amounts. 

Naphthenes. 

This group of hydrocarbons is one of the most 
important in petroleum and its fractions 
Representatives occur in all petroleums, the pro- 
portions being lower in the so-called paraffinic 
petroleums, and higher in those of the naph- 
thenic or asphaltic type. The lower boihng 
liquid portions of petroleums such as gasolmes 


CHC 2 H 3 



Ethylci/c/ohexane 


C,Hi3 

1 2 4-Triinethylcj!/r/ohc\ane 
(Hexahydropseudocumene) 

^10*^20 

a-Dccanaphthene 

C 11 H 22 

Undccanaphthene. 

^14*^28 

Tetradecanaphthcne 


^10^20 

isoDecanaphthene 

C 10 H 20 

jS-Decanaphthene 

^12*^24 

Dodecanaphthene 

^15*^30 

Pentadecanaphthene 


A number of other higher molecular weight 
saturated hydrocarbons having the general 
formula CnHgn have been identified in various 
petroleums. These hydrocarbons have from II 
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to 26 carbon atoms per molecule. In most cases 
their structure is incompletely known, but they 
are presumably ring compounds. 

Terpenes. 

The presence of terpenes in Galician oils has 
been reported, those compounds having the 
general formula, CnH 2 tv- 4 .^® However, some 
doubt is cast upon these assertions by recent 
investigators. 

Aromatics. 

These hydrocarbons are present in a variety 
of petroleums, although in small amounts in 
most of them. 21 In uncracked gasolines the 
percentage of aromatic hydrocarbons is usually 
low, less than 5% in most cases. In some ex- 
ceptional crude ods, such as those from Borneo, 
the percentage of aromatic hydrocarbons in the 
lower boiling distillates is high, sometimes over 
15%. Table V lists aromatic hydrocarbons 
which have been proved to be present in 
petroleums from various localities. 

No systematic attempt was made to analyse 
liqmd petroleum fractions and separate the in- 
dividual hydrocarbons which they contained 
until the instigation of the American Petroleum 
Institute Research Project lu 1927.22 Research 
under this sponsorship has actually isolated the 
majority of hydrocarbons present in the lighter 
fractions of several United States petroleums. 
Physical methods alone involving precise frac- 
tional distillation, fractional orystalLsation, sol- 
vent extraction, and selective absorption have 
been employed. The methods are briefly sum- 
marised below : 

1 Fractional Distillation : 

(a) At a fixed pressure (separates 

hydrocarbons according to size 
of molecules). 

(b) Under varying pressures (use of 

subatmosphenc pressures per- 
mits separation of different 
types of molecules) 

(c) With addition of substances form- 

ing constant-boiling mixtures. 

2. Fractional Crystallisation (more sym- 

metrical molecules have higher melting- 
points) : 

(a) Simple refrigeration. 

(b) Refrigeration m an appropriate 

solvent. 

(c) With centrifuging. 

3. Extraction with Selective Solvents : 

(a) Use of different solvents. 

(b) Variation of temperatures of ex- 

traction. 

4. Adsorption : 

(a) Use of different adsorbents. 

(5) Use of different temperatures. 

These investigations have shown that the lower- 
boiling petroleum fractions are essentially paraf- 
finic, that the proportions of cyclic hydro- 
carl^ns mcrease with the boilmg-point ; and 
that a large percentage of the compounds in the 
higher- boilmg fractions are polycyclic, the rings 
varymg in their degree of hydrogenation and 
being extensively substituted by alkyl groups, 

VoL. IX.— 21 


Table V 


Bcn/ciio 

CHj 


CH, 


o-X>lene 

CH, 


CHj 

;>-X5k*ue 

CH, 


’3 


CH, 


Ha 

Pscudocumcne 

CH, 


xx* 


xx 


CgHg 


w-Ethyltoluenc 

CH 3 


CH( 


p-Cymenc. 


CH, 

XX, 


CH, 


CH, 


CH 3 

Durenc 

CH, 

XX 


C,H3 


V>C.H3 

Dietliyltoluene 


CH, 

XX 


XX 

Toluene 

CH 3 

xX 

%x 


CH, 


CH 


tw-X>lene 

CH 3 


CH, 


*X/ 

Meslfylcnc 

CH, 

X/ 

0- Ktliyltolueue 

CHj 


X/ 

C 3 H 3 

p-Kthyltoluene 


C,H, 


/ 


CjHj 


'C 3 H 3 


Diethylbenzene 

CH, 


XXr 


CH, 


iwDureiie. 

CsHh 


XX 

t#oAmylbenzene 



Naphthalene. 
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Details on the hydrocarbons found in 
petroleum by the American Petroleum Institute 
Hydrocarbon Research Project are given under 
the headings of motor fuel, keiosene, gas oil, 
lubricating oils, and asphalt in the piodiuts 
section. 

Non-Hydrocarbon Constituents. 

Sulphur Compounds, 

Of the minor organic constituents of petroleum 
containing sulphur, nitrogen, and oxygen, the 
sulphur compounds may bo considered as the 
most important of the throe groups, since they 
occur in greatest quantity and frequently have 
the greatest effocts upon the properties of the 
oil. The best explanation of the presence of 
sulphur 18 that it was originally contained in the 
marine organisms from which petroleum is pre- 
sumed to have been derived by gradual decom- 
position of their remains Several secondary 
sources appear as possibihties Some sulphur 
may have been dissolved during the migration 
of the oil through sulphur-containing formations, 
when sulphur compounds could have been 
formed by reaction of the hydrocarbons with 
the sulphur, or by reducing action of the oil 
upon sulphates such as gypsum Free sulphur 
IS sometimes found 'in solution in petroleums, 
though the major amount is usually in combina- 
tion. 

The sulphur content of various petroleum oils 
vanes over wide ranges. In paraffinic petroleums 
such as those from Pennsylvanian fields, it is 
usually below 0*1% and may be as low as 0*01%. 
The largest sulphur contents are usually as- 
sociated with heavier crudes of a naphthenic or 
asphaltic character such as the Mexican or Cah- 
fornian crudes In these latter types it is not 
uncommon to find values of the order of 5%. 

In petroleums or fractions therefrom which 
have not been heated to cracking temperatures, 
i idications are that they contam elemental sul- 
phur, alkyl sulphates, and hydrogenated thio- 
jihenes or “ thiophanes.” When oils containing 
free sulphur are heated, the sulphur reacts with 
the hydrocarbons and forms hydrogen sulphide 
and mercaptans. The heavier cyclic compounds 
in which the sulphur is present in the poly- 
methylene rings evidently decompose to form 
hydrogen sulphide, alkyl sulphides, and both 
lighter and heavier cychc compounds in a manner 
analogous to the cracking of a hydrocarbon frac- 
tioh to form both lighter and heavier products 

Nitrogen Compounds, 

The amount of nitrogen present in petroleums 
varies over wide ranges, and some petroleums, 
particularly those of a more or less paraffinic 
character, have been shown by analysis to con- 
tain such extremely small amounts of nitrogen 
that it has been questioned whether nitrogen is 
actually present or the analysis is m error. In 
Pennsylvanian petroleum the total nitrogen con- 
tent has been reported to be about 0 008%. 
Californian oils contain the most nitrogen found 
in American petroleums, the maximum being 
0*82%. As regards the upper hmit of nitrogen 
content, analyses of some ods have indicated as 
^igh as 2% by weight, which would correspond 


to 10-15% by volume of nitrogen compounds. 
The presence of nitrogen in petroleum has a 
bearmg on theories regarding its origin, since 
nitrogen is a characteristic constituent of pro- 
tems which are characteristically higher in 
animal than in vegetable remams. The mtrogen 
content is highest in petroleums contauimg cychc 
hydrocarbons in predommatmg amounts, such as 
Cahfomian, Mexican, and South American crudes, 
while the content is least m paraffime petroleums 
such as those from the Pennsylvania and 
Michigan distncts. 

Early researches on the character of the 
onginal nitrogen compounds present in crude 
petroleum indicated that they are compounds 
having a polynuclear structure similar to that 
of quinohne. In crude petroleum containing 
considerable percentages of nitrogen, nitrogen 
compounds are first identified in the kerosenes, 
and analyses of close cut fractions indicate that 
there is frequently an uneven distribution. 
Little is known of the precise structure of these 
nitrogen compounds. The bases encountered in 
the distillates from Californian oils are evidently 
decomposition products of more complex nitro- 
gen compounds present in the original crude. 
Some of the compounds are non -reactive with 
dilute mineral acids. In a kerosene distillate 
from Cahfomian petroleum the following quino- 
line homologuos have been found . 

Quinoline. 

tfioQuinolmo 

2:3-Dimethylqmnohne. 

2 4-Dimethylquinoline. 

2 8-Dimethylqmnohne 
2.3 8-Trimethylqmnohne 
2.4.8-Trimethylqmnohne. 

Qmnaldme. 

Lepidme. 

Some of the compounds in Cahfomian kerosene 
distillate are apparently cychc tertiary amines. 
One has the composition CjgHaiN, and another 
^ 16 ^ 25 ^* second compound has been 

reduced to a secondary amine having the 
formula CigHgiN. 

When petroleum fractions such as the heavier 
distillates or residua are cracked, such nitrogen 
compounds decompose and yield products 
formed by loss of hydrogen and sphttmg off of 
alkyl groups The gases from cracking such 
stocks contain ammonia. Apparently there is 
very httle break-up of the ring structures to 
form ammes. A small amount of basic materials 
extracted from a cracked gasohne made from 
Cahforman gas oil and residuum showed the 
presence of quinohne, quinaldme, and seven 
alkyl substituted pyridmes, as follows : 2- 

methylpyridme, 4-methylpyridme, 2.6-dimethyl- 
pyridiine, 2*5-dimethylpyridme, 2.4-dimethyl- 
pyridme, 3:5-dimethylpynduie, and 2:4:6-tri- 
methylpyridme. 

Oxygen Compounds, 

Compounds containing oxygen are present in 
most petroleums in minor proportions, so that 
they may perhaps be looked upon as the least 
important of the non-hydrocarbon consti- 
tuents. However, some of these compounds 
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have found commercial uses and merit considera- 
tion. 

The oxygen-containing compounds in petro- 
leum have been shown to be principally acid 
compounds contammg the carboxyl group 
Since the first compounds of this character which 
were separated from petroleum and positively 
identified contamed the six carbon atom cyclo- 
paraffin grouping which characterises the hydro- 
carbons commonly designated as naphthenes, 
the compounds have since been customarily 
referred to as naphthenic acids, but some are 
acids of straight chain molecular configurations 
which are prbperly classed as aliphatic. 

As to the molecular structures of the naph- 
thenic acids, some of the carbon-hydrogen 
groupings attached to the carboxyl groups are 
of a saturated character, while otheis are un- 
saturated. Apparently the saturated com- 
pounds m the lower boihng fractions of petroleum 
have either six or seven carbon atoms in their 
structure, including the carbon atom present in 
the carboxyl group. The acids characterised by 
having one double bond are m the next higher 
boihng fractions and apparently contain from 
eight to twelve carbon atoms. 

Still heavier fractions contain acids character- 
ised by two double bonds in the carbon-hydrogen 
group. The exact arrangement of the carbon 
atoms in the aliphatic acid molecules is not well 
known Some may have the carbon atoms in 
straight chain arrangement and others may be 
characteiised by extensive branching 

The naphthemc acid content of various 
petroleums is generally a rather uncertain 
quantity because they are seldom recovered in 
pure condition but are usually contaminated 
with hydrocarbons. Analyses have been reported 
showing from 0*03% to as high as 3% naphthenie 
acids, and the average of all petroleums analysed 
seems to be something less than 1%. It is noted 
111 general that petroleums which are essentially 
paraffinic in character contain the least amount 
of the acids, whilst those which are characterised 
by the higher percentages of cychc hydrocarbons 
contain greater quantities of acids. Thus cer- 
tain Cahfomian naphthenic crudes have shown 
as high as 3%, and similar typos of crude oils 
from Rumania have shown over 2%. 

Naphthenic acids are readily extracted from 
hydrocarbon fractions by the use of sodium car- 
bonate, which reacts with the acids to form 
soaps but not with phenols, which reqmre 
a stronger alkaline reagent such as sodium 
hydroxide for their extraction. The naphthenic 
acids themselves can be recovered by the acidifi- 
cation of the soaps with strong mmeral acids. 

The lower molecular weight naphthenic acids 
are colourless liqmds and those with higher 
molecular weight have a slightly yellowish tinge. 
They are very difficult to purify and separate 
completely from hydrocarbons with which they 
have been associated. The recovered acids form 
salts with various metals such as calcium, 
aluminium, and copper, the copper salts having 
a beautiful green colour when dissolved in ben- 
zene. Many of the compounds of naphthemc 
acids with metals are used as msulating materials, 
adhesives, and varnish substitutes. The copper 
salts have antiseptic properties and are used as 


wood preservatives, and cobalt, manganese, and 
lead salts fimction as driers in paints and 
varnishes 

The acids are toxic to bacteiia, fish, and some 
amphibians, but are not particularly toxic to 
larger animals or to human beings 

It has been shown that the naphthenic acids 
encountered in petroleum distillates are prin- 
cipally those originally present in the oils and 
that they have not been produced by oxidation 
reactions incidental to chemical treatments such 
as those using sulphuric acid There is some 
evidence to indicate that some of the higher 
molecular weight naphthenic acids are decom- 
posed during Clacking to form lighter acids such 
as the previously mentioned aliphatic com- 
pounds. Acetaldehyde has been reported in 
some Pennsylvanian oils and compounds showing 
the reactions of alcohols, aldehydes, and ketones 
have been leportcd in heavy lubricating oils. 

Mixtures of phenols have been shown to be 
present in distillates from American, Japanese, 
and Polish crude oils. Crosols, xylenols, di- ami 
tri-ethyl phenols, and j3-naphthol have been 
identihed. The undistilled ciude oils investi- 
gated show'ed loss phenolic compounds than the 
distillates, and since the amounts of phenols 
wore much higher in cracked distillates, the con- 
clusion IS that the major amounts of phenols aie 
the result of cracking reactions. The recovery 
of cresols from Californian cracked distillates is a 
commercial process oven though the content is 
small, usually around 0 01%. Phenols from 
cracked distillates are sold as disinfectants and 
wood preservatives, and for other purposes for 
which high-boihng tar acids are used. Products 
approximating 95% cresyhc acid are recovered 
from low-boihng cracked distillates. Table VI 
shows the properties of petroleum cresyhc acids 
compared with those of ordinary commercial 
grade. 


Table VI. — Analysis of Cresylic Acids. 


Tests 

Petroleum 

cresylic 

acids. 

Purchased 

cresylic 

acids 

Spgr at ]5 5°/15 5®0 



(C0°/60“F ) 

1 014 

1032 

Water by distii , % 

0 3 

0 9 

Tar acids, % 

90 2 

98 0 

Neutral oil, % 

35 

05 

Siilpluir, % 

1 5 

0 22 

IMienol coellicieiit 

21 

8 

Naphtiienic acids, 
Solubility in NaOH 

15 

Nil 

Complete. 

Complete. 

Distillation 


°C ®K 

Initial b p 

185 365 

182 300 

10% over 

206 402 

199 391 

50»„ 

219 420 

208 400 


277 530 

264 508 

End point 

284 544 

287 548 

Colour reaction 



Bromine water 

Wliltlsh ppt 

Creamy ppt. 

Ferric chloride 

Bluish green 

Bluish green 

Chloroform and KOH 

J>ark red. 

Dark red. 

Ammonia and sodium 



hypochlorite 

Greenish blue 

Greenish. 


Certain natural asphalt deposits contain as 
much as 14-16% oxygen.^ The nature of the 
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oxygen compounds is so complex that little pro- 
gress has been made in determining their struc- 
ture. On the theory that such natural asphalts 
are residues from petroleums which onginally 
contained lower boiling and normally liquid frac- 
tions, it probably (an be assumed that the 
oxygen present in the original petroleums has 
been concentrated in the residua and that it may 
have played an active part in the formation of 
the asphalt. In support of this hypothesis is the 
fact that petroleum residua can be oxidised at 
moderate temperatures of the order of 260°c 
(SOO^F.) by passing air through them. This 
treatment introduces oxygen into the original 
oils, raises the melting-point of the material, and 
produces both water and lower boiling aliphatic 
and naphthenic acids. 

Inorganic Constituents, 

Many petroleums contain minor amounts of 
inorganic substances which form ash when the 
oils are burned In the lighter and less viscous 
oils the ash content may bo very small, while in 
the heavier oils it may assume considerable im- 
portance In some cases the non -combustible 
residues left on burning petroleum are so small 
that it IS difficult to say whether they were 
originally present in fhc oil as obtained from the 
earth or whether they have arisen through 
accidental contamination by contact with pipes 
and tanks or by the conveyance of various wind- 
blown dusts The ashes fiom all crude oils con- 
tain appreciable amounts of silica and the oxides 
of iron, aluminium, and titanium as well as those 
of calcium and magnesium, all of which accom- 
pany silica in ('arthy matters. The silica content 
of petroleum ashes varies from less than 1% to 
somewhat over 50% and the combined oxides 
of iron, aluminium, calcium, and magnesium 
have varied from loss than 10% to nearly 100% 
of the ash Those occurrences can be accounted 
for on a basis of the subterranean contacts of 
the oil with various rock formations. 

There are, however, certain mineral substances 
present in petroleums which are not as easily 
accounted for, but which appear to have more 
of a relation to the oiigin of the oil. One of these 
anomalous constituents is vanadium oxide which 
has been shown to bo present in practically all 
petroleum ashes from a detectable trace to as 
high as 40%. The occurrence of this substance 
18 not particularly characteristic of any given oil- 
producing area, which favours the assumption 
that its presence is broadly related to the 
method of formation or the origin of the oils. 
Since it is known that vanadium compounds 
characterise various land and marine animals 
and plants, its presence in petroleum would seem 
to add weight to the theory that petroleum 
originated by the decomposition of such living 
organisms. The presence of vanadium in fuel 
oils used for firing glass -making industries is 
frequently deleterious, since the glass may be 
defective owing to the introduction of vanadium 
compounds. 

Owing to the industrial uses of vanadium, its 
recovery from petroleum has commercial aspects. 
Thus vanadium-containing dusts are recovered 
from flue gases from furnaces burning fuel oils 
containing compounds of this element. Vana- 


dium oxides have been shown to be good de- 
hydrogenating catalysts for hydrocarbons, and 
thus it appears that nature has furnished in 
some instances both hydrocarbons and catalysts 
for their conversion all in one package Vana- 
dium oxide is also used as a catalyst in sulphuric 
acid manufacture, and the metal is a valuable 
ingredient in various ferrous and non-ferrous 
alloys in which it increases their toughness and 
resistance to shocks and varying stresses. 

Tho vanadium content of petroleum ashes 
seems to be higher in the heavier more asphaltic 
oils and lower in the non-asphaltic t 3 q)es 
Vanadium compounds have also been shown to 
be present in oil shales of Scotland and in the 
ashes of various coals and lignites. 

In many cases the ash-making constituents are 
not readily removable by mechanical filtration, 
which indicates that the inorganic constituents 
are either present in oil-soluble compounds or 
that they are suspended in an extremely fine 
state of subdivision so that they pass through 
the pores of the filter material 

Another element which is frequently found in 
petroleum ashes is nickel, and it has been sug- 
gested that the presence of traces of this element 
has modified the character of some petroleums 
by catalysing various conversions involving 
hydrogen transfer reactions. However, it hardly 
seems possible that such nickel could function 
in this manner, since when nickel is employed 
as a catalyst m hydrocarbon conversion pro- 
cesses, such as cracking or hydrogenation, it is 
necessary for it to be in a linely divided and 
active metallic state, whereas there is no 
evidence to indicate that it is present in natural 
petroleums in this form. Nickel has been shown 
to bo present in ashes obtained from seaweed, 
and since the most generally accepted theory on 
the origin of petroleums relates them to marine 
accumulations, the occurrence of nickel gives 
added weight to the marine origin theory. 

Other unusual constituents of petroleum ashes 
include compounds of molybdenum, another 
metal used to toughen steels, and compounds of 
zinc. However, the amounts of these elements 
found m petroleum ashes are extremely small 
and have no commercial significance. Elements 
that have been found in traces in the ashes from 
crude oils mclude gold, silver, copper, tin, lead, 
cobalt, manganese, chromium, arsenic, barium, 
strontium, sodium, potassium, phosphorus, 
nitrogen, and sulphur. The quantities present 
are not sufficient to indicate any commercial 
possibihties. 

Some ashes from petroleums, particularly 
those from Iranian crude oils, have shown small 
but definite radioactivity. Similarly, such 
activity has sometimes been exhibite<l by the 
substances dissolved in the waters associated 
with petroleums. 

REFINING. 

Refining in the case of petroleum includes any 
processing applied to the crude oil to separate 
it into different portions, to improve the crude 
oil as a whole or to alter the characteristics of 
its fractions. The primary process in refimng 
is fractional distillation, whereby hghter and 
heavier portions are separated and gas, gasoline, 
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fuel oils, lubricants, wax distillates, and asphalts 
are produced. The properties of these primary 
products are modified by various types of 
chemical treatment, the use of specific sohd 
absorbents for decolorising and deodorising, and 
selective solvent action for removing and 
segregating hydrocarbon groups and impurities. 
Processes whereby whole crudes or their frac- 
tions are decomposed by heat to produce lower- 
boilmg products may bo broadly grouped under 
the heading of cracking. The term treating is 
commonly applied to three types of processes ; 

(i) Those which improve the stock by re- 

moval of undesired constituents. 

(ii) Those which effect an improvement in 

quality by the addition of extraneous 
materials, either by chemical combina- 
tion or by solution. 

(ill) Those which alter the essential chemical 
structure of the hydrocarbons or other 
constituents of the oil fraction treated. 

Refining methods will therefore be grouped as 
follows : 

1. Fractional distillation. 

2. Cracking. 

3. Treating 

A general discussion of treating methods pre- 
cedes the products section and specific methods 
of treatment will be referred to under product 
headings. 

The first petroleums which were obtained from 
natural seepages or pits were generally used 
without special treatment, the uses to which 
they wore put varying with their properties. 
Some were used as oil for crude lamps, and others 
as fuel for heating and cooking and for cleaning 
purposes The asphaltic oils, many of which 
were found in Persia, were used for caulking 
boat seams, and in embalming Some of the oils 
were used in the treatment of skin diseases, and 
taken internally. Crude oils wore sometimes 
weathered to evaporate light constituents before 
use Many crude distillation attempts wore 
made in the Middle Ages, and about two hundred j 
years ago a Russian obtained a lamp oil by 
distilling Caucasian petroleum 

Early refinmg processes took advantage of the 
varying boiling-points of the constituents of oils 
to produce light distillates which could be used 
in lamps for illuminating purposes to take the 
place of whale and fish oils and oils made by 
distilhng coal and shales. In 1855 the first still 
used in the United States for making petroleum 
products m commercial quantities was operated 
by Samual Kier in Pittsburgh, Pennsylvania 
(four years prior to Drake’s discovery well in 
1859), using petroleum encountered in drilled 
salt wells Kier’s still was of the vertical, 
cylindncal typo with a capacity of about a barrel 
a day. Kerosene selhng for $1 25 a gallon was 
produced from this small refinery. With the 
advent of greater supplies of petroleum from 
Drake’s and other wells, refinmg operations were 
conducted using similar stills of larger capacity 
which came to be known as “ cheese- box ” stills, 
some of these holding as much as 1,200 barrels 
of charge. This type of still persisted for many 
years, some being in operation as late as 1916.*^ 


In the early refineries the gasoline obtained as 
a primary distillate was wasted by burning or 
running into rivers, and all efforts were directed 
to obtain maximum yields of kerosene as the 
principal marketable product. The unvaporised 
portions of the crude oil remaining in the stills 
were marketed as lubricants. Fortunately there 
were no asphaltic constituents in Pennsylvanian 
oils to complicate these relatively simple refining 
operations. 

The early crudes contained wax which 
appeared in the heavier distillates and was 
recovered from them by chilling and filter press- 
ing. Later the crude waxes were “ sweated ” by 
slowly heating a wax cake on a screen so that oil 
and low-melting waxes dripped from the crystals 
and higher melting-point waxes were obtained. 
The colour of the wax was improved by perco- 
lation of the melted material through granular 
charcoal or fuller’s earths. Similar filtering pro- 
cesses wore practised on some of the lubricating 
oils to lighten their colour. 

Distillation. 

Figs 3, 4, 5, 6, 7, 8, and 9 show some of the 
stages in the development of petroleum distilling 
equipment. Fig. 3 shows the essential parts 6f 
the so-called “ cheese-box ” still Fig. 4 indi- 
cates an early horizontal cylindrical still equipped 



I with a perforated lino for the admission of steam 
under the surface of the oil. The small dome on 
top of the still functioned principally to prevent 
carry-over of liquid particles mechanically en- 
trained in the vapours so that the distillates 
would not be contaminated. As the distillates 
increased in boiling-point and specific gravity, 
they were run into successive receiving tanks. 
Fig. 5 shows a horizontal still provided with a 
fractionating column, which represents the first 
attempts at more accurate fractionation. Early 
columns were filled with crushed bnok, gravel or 
sihca fragments, and later with different types 
of spaced perforated metal plates. Many types 
of specially formed filling materials have been 
designed and used. Examples are short hollow 
cylindrical metal pieces, and spirals, such as the 
commonly used Raschig rings, made of earthen- 
ware. Rotating plates which throw condensed 
hqmd on to the inner wall of the fractionating 
column have met with some success in improving 
the degree of fractionation. 
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Until about 1910, operations m petroleum 
refining were essentially unchanged, except for 
minor improvements. The older typos of re- 
latively flat, vertical, cylindncal stills were 
gradually replaced by long horizontal cylindrical 


types, and continuous battery operation was 
practised in which four or five stills discharged 
their corrtiensates (gasoline, kerosene, gas oils, 
and lubricating oil distillates) into separate 
tanks In some arrangements (Fig. 6) crude oil 



was fed into the lirst of a senes of stills fioni 
which gasoline was distilled and condensed 
The crude oil was admitt(‘d at one end of the 
still and allowed to overflow at the other end 


into a second still heated at a higher temperature 
to distil off kerosene, the residue from this still 
was passed to a third unit and lieated at a higher 
temperature for distilling gas-oil distillates ; and 




from the last still of the series lubricating oils 
were obtained. As the heavier distillates were 
lecovered, steam was admitted under the surface 
of the oil to reduce the partial pressure of the oil 
vapours and assist in vaporising and preventing 
run -back, and the amount of steam and its 


degree of superheat were increased as the boiling- 
point of the successive distillates became higher. 

Fig. 7 represents a battery of stills for con- 
tinuous operation, each still being separately 
heated and provided with a fractionatmg 
column for the production of a distillate product 
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of more closely defined boibng range. The 
crude oil is continuously fed into the frac- 
tionating column on the first still in the series to 
produce gasohne as an overhead product. The 
residual oil is pumped into the fractionating 
column on the second still for the production of 
kerosene, and the residue from this unit is 


pumped to the final still of the series which is 
heated sufficiently to distil off a gas-oil distillate. 
The residue from the third still shown may bo 
further distilled in a fourth unit, or one separate 
from the battery to recover paraffin or lubri- 
cating oil distillates from the fuel-oil residue. 
In the distillation of lubricating fractions either 


Gasohne 


Kerosene 


Crude Oil\ 
Feed 


Gas Oil 





Fuel Oil 


Fig. 7. 


steam or reduced pressure is employed to lower 
the vaporisation points of the oils and lessen 
decomposition. 

Fig. 8 shows a distilling arrangement for “ flash 
topping ” in which the crude oil is heated during 
its passage through a pipe still to a temperature 
high enough to vaporise all components but 


residual fuel oil, which is recovered from the 
bottom of the first fractionating column The* 
vapours from the primary column then pass to 
a second column, the higher boiling-point gas- 
oil vapours being condensed and discharged 
from the bottom of the column, while the mixed 
vapours of gasohne and kerosene boihng-range 


Pipe Still 


Crude Oil 
Feed 


Gasohne 


— 


Coohna 
Coil > 



\CoollnQ 
Coil ' 



Coohna 

Coil 

1 



2 



3 



a 


^team 


Steam 


Steam 


Fuel Oil Gas Oil 

Fig. 8. 


Kerosene 


ass to a final fractionating column in which 
erosene vapours condense, and gasohne vapours 
pass from the top of the column to a separate 
condenser. 

The coohng coils through which water or 
charging oil is passed are situated in the top 
of the fractionating columns to control the 


boilmg range of the effluent vapours, and steam 
18 usually introduced near the bottom of the 
columns for its partial pressure effect Heat 
exchangers, pumps, and condensers have been 
omitted from Figs. 7 and 8, although these are 
standard equipment. 

Fig. 9 shows the essential parts of a modern 
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topping still which is in effect a series of super- 
imposed fractionating columns.®^ The crude 
oil 18 pumped through a pipe still in which it is 
lieated to a temperature in the neighbourhood 
of 31(5-37 l°o (600-700®f.), sufficient to vaporise 
all components except the desired residuum, the 
total products from the pipe still being admitted 
to the lowest section 1 of the fractionating 
column. The residuum is recovered from the 
bottom of the column and the vaporised portions 
of the heated product pass into section 2, which 
is divided from the first by a collecting plate a. 
In section 2, high- boiling vapours condense and 
form a pool of liquid on the plate, while lighter 
vapours pass upwardly through the centre of 
])late 11 to the top section 3 of the column. 
Gasoline boiling-rango vapours issue from the top 
of the column, while a kerosene condensate is 


recovered from plate b, and a gas-oil condensate 
from plate A. To conserve heat and assist in 
fractionating the vapours in the column, the 
crude oil feed is passed successively through 
closed pipe coils in the upper portions of the 
three sections of the column and then through a 
heat exchanger where it receives heat from the 
residuum before passing to the pipe still. 

As a further aid to the production of fractions 
of more closely defined boihng-range, the ac- 
cumulated liqmds on plates a and B flow to 
auxiliary fractionating columns c and D, known 
as “ stripper columns ” into which steam is 
passed to vaporise the desired light distillates, 
while the heavier unvaporised portions return 
to the next lower section of the mam column for 
further fractionation and their refluxing action. 
A portion of the condensed gasoline is pumped 



back into the top of section 3 to control the 
boiling range of the effluent gasoline vapours. 
In some commercial plants as many as eight 
different fractions are taken off at different levels. 

In the modern fractionating columns so-called 
bubble trays are used. Those have multiple 
vapour ports which support caps of different 
design to break up the vapours into small 
bubbles as they pass through the layer of liqmd 
on the plate and promote vapour-liquid equili- 
brium by this intimate contact. Eig. 10 shows 
some of the detail of a bubble tray in a frac- 
tionating column of the bubble-cap type.^* The 
liquid phase from the plate above flows across 
the plate shown in the diagram from left to 
right, encountering weirs on either side. Vapours 
from a plate below pass upward through nsers 
and out through slots in the bubble caps, thus 


assuring effective contact and establishment of 
hquid-vapour equibbrium. 

The combination of pipe still and fractionating 
column 18 the major distilling development of 
the petroleum industry. Operations are con- 
tinuous over long periods of time and many 
units have capacities of more than 25,000 barrels 
of crude oil a day This tvpe of fractional distil- 
lation 18 used to “ stabihse ” high vapour- 
pressure gasolines to remove dissolved gaseous 
hydrocarbons and retain only those necessary 
for imparting correct vapour pressure Similar 
installations are employed to fractionate 
normally gaseous hydrocarbon mixtures, opera- 
tions being conducted under pressures at 
ordinary or slightly elevated temperatures in 
lieu of operating at sub-atmospheriQ tempera- 
tures while utilismg refrigeration, 
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In the most modem plants greatly improved 
fractionating columns are employed, which are 
commonly called superfractionators because of 
their ability to effect fine separations. Features 
of these fractionators include automatic controls 
of temperature, pressure, and reflux rates and 
thorough insulation. Pressure control and com- 
plete insulation eliminate any possible irregu- 
larity due to external atmospheric influences 
Table VII shows data on the properties of 
crude oils from different world-producing areas 
and indicates the wide vanations encountered.^® 
In the selected analyses the specific gravity 
vanes from 0 9759 in the second Californian crude 


oil to 0*800 in the first oil from Sumatra. The 
pour pomts vary from —32® to +27®o. (—25® 
to -f80°F.), and total sulphur from 0 06% in the 
Ecuadorian crude to 3 67% in the first Mexican 
crude. Gasoline recoverable by primary distil- 
lation of the third Russian crude is only 0*6%, 
while the crude oil from the Kettleman field in 
California contains 73 9% gasoline. Similarly, 
the amounts of kerosene, gas oil, lubricatmg oil, 
and residuum show marked differences. 

Table VIII shows the percentage yields of 
major products from crude petroleum in the 
United States in 1944, the figures being average 
for all crude run to stills.®’ The high percentage 


Table VII — Properties op Crude Petroleums. 
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North America 







Oklahoma 

Oklahoma ( it> 

37 8 

0 8205 

-t 5 

0 21 

25 1 

1 149 

11 2 



48 0 

Oklahoma 

Tonkawa 

42 8 

0 8118 

20 

0 18 

37 9 

20 7 

11 3 

— ■ 

29 9 

Kansas 

MfPiieison 

30 8 

0 840i^ 

1 5 

0 28 

23 9 

16 7 

14 3 

— 

44 9 

Kansas 

MePlierson 

32 5 

0 8628 

M5 

0 52 

20 0 

10 9 

10 0 

— 

52 2 

'I'cxas West Ccntial 

Stevens 

33 8 

0 85CC 

10 

0 22 

14 8 

— 

30 9 

— 

54 3 

'I’cxas West Central 

Shack( Ifoid 

40 3 

0 8236 

25 

0 33 

33 7 

15 1 

6 7 

— 

44 2 

'IVvas Pan if 

(Jray 

44 .'i 

0 8040 

30 

0 42 

44 7 

— 

15 8 

— 

39 4 

'I’exas West 

Peeos 

21 0 

0 9279 

- 25 

2 12 

13 1 

— 

19 3 

— . 

67 0 

California 

San Joachim 

27 2 

0 8016 

— 

0 49 

20 1 

— 

50 5 

— 

23 4 

( ’aliiornia 

San Joachim 

13 5 

0 9759 

— 

0 79 

3 9 

— 

38 1 


58 0 

(’aliiomid 

Kettleman 

50 2 

0 7788 

— 

0 14 

73 9 

— 

— 

— 

20 1 

California 

Newhall 

20 4 

0 8794 

— 

0 27 

31 7 

— 

35 1 

— 

33 2 

( ’alifornia 

I. A — Ivong Beach 

20 4 

0 8061 

— 

1 13 

26 9 

— 

31 7 

— 

41*4 

JiOmsiana 

( 'aleasieu 

41 5 

0 8179 

<5 

0 10 

34 2* 

17 2 

24 8 

14 4 

93 

Louisiana 

'lerreboimc 

17 1 

0 9522 


0 53 

— 

— 

22 9 

35 8 

38 2 

Louisiana 

Relugio 

24 0 

0 9100 

— 

0 14 

— 

— 

65 5 

30 5 

12 7 

(anada 

Fort Norman 

35 8 

0 840 

<5 

0 33 

33 4 

11 6 

14 5 

18 4 

21 3 

( 'anada 

Petrolia 

33 2 

0 859 

<5 

0 72 

22 2 

16 1 

75 

19 1 

34 9 

Mexico 

Los Naranjos 

21 1 

0 9270 


3 67 

1 1 9 

12 0 

20 0 

12 6 

40 0 

Mexico 

Pozarka 

30 6 

0 8370 

— 

1 81 

20 0 

9 6 

63 

— 

62 0 



South America 







Venezuela 

Lagunillas 

17 4 

0 9500 


22 

5 7 

— 

14 7 


1 79 6 

Venezuela 

El Mene 

37 0 

0 8400 

. — 

0 2 

40 0 1 

— 

29 0 


31 0 

Argentina 

fCoinmadoro I 
\Rivadavia / 

28 9 

0 8820 

45 

0 13 

10 8 

12 5 

14 4 

— 

I 62 3 

Argentina 

Mendoza 

30 8 

0 8720 

55 

0 19 

29 4 

— 

158 

23 1 

31 7 

Colombia 


42 0 

0 8155 

<50 

0 10 

52 0 

t 

22 0 

t 

5 0 

Peru 


37 2 

0 8388 

__ 

0 10 

37 7 

— 

— 

— 

01 8 

Ecuador 


41 2 

0 8193 

<0 

0 05 

40 2 

15 0 

— 

— 

44 7 



Dutch Ead Indies 







Sumatra 

Pladjoc 

45 4 

0 8000 

<0 

— 

55 0 

15 0 

9 0 

— 

19 5 

Sumatra 

Pladjoe 

25 7 

0 9000 

+35 

— 

7 0 

60 

40 

— 

81 5 

Java 

Wonokromo 

22 3 

0 9200 

<0 

— 

17 5 

— 

50 5 

— 

30 5 

Borneo 

Balikpapan 

33 0 

0 8570 

<0 

— 

35 0 

29 0 

15 5 

1 

— 

19 0 



Miscellaneous 







Japan 

Nishiyama 

44 3 

0 80501 

— 

0 20 

36'2 

30 7 

75 

24 8 

— 

Japan 

N ishiyama 

27 5 

0 8900 

— 

0 24 

15 0 

29 3 

14 4 

39 8 

— 

Burma 

37 0 

0 8400 

80 

0 15 

18 4 

32 4 

42 2 

— 

64 

Iran 


37 8 

0 8300 

— 

1 0 

33 5 

23 0 

— 

— 

43 5 

Bahrein 


31 0 

0 8000 

<0 

20 

29 6 

17 it 

— 

— 

59 1 

Iraq 


36 2 

0 8440 

<0 

2 0 

18 5 

19 5 

175 

— 

44 5 

Egypt 


25 7 

0 9000 

<30 

28 

12 5 

75 

16 0 

— 

64 0 

USSR 

Balakhany 

30 0 

0 8702 

<20^C 

0 10 

48 

27 5 

73 

— 

60 0 

USSR 

Bibi-Eibat 

20 0 

0 9000 

<70 

0 17 

29 

27 5 

86 

— 

60 8 

USSR 

Dossor 

28 5 

0 8844 

<100 

0 15 

0 50 

17 0 

16-0 

— 

66 5 

Rumania 

Moreni 

26 0 

0 9000 

— 

— 

22 7 

8 4 

4 3 

— 

04 6 

Rumania 

Ras\ ad 

35 4 

0 8480 

— 

— 

26 1 

10 8 

16 8 

— 

46 8 

Poland 

Potok 

40 6 

0 8220 

0 


44 2 

16 8 

90 

210 

80 


• Naphtha, includes 7 5% gasoline, based on crude, 
t Kerosene and lubricating oil not reported 
i Includes 6 1% of gasoline, based on crude. 
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of gasoline is noteworthy since this is about 
twice as much as was produced twenty years 
earlier. The gasohne figure includes that pro- 


duced by primary straight-run distillation and 
that produced by cracking and auxiliary pro- 
cesses. It does not include aviation fuel. The 



1945 figures for gasoline production cannot be 
properly evaluated on account of the transition 
from war to peace in that year. 


Table VIII. — Peoducts from U S. 
Petroleum, 1944. 


(Jrude run to stills 
Motor fuel 
Kerosene 
DlstUlato fuel oil 
Residual fuel oil 
lAibricatlnK oil 
Wax (thousands of 
pounds) 

( 'oke (short tons) 
Asphalt (short tons) 
Road oil 

Still gas (millions of 
cu ft ) 



Thoii- 
sancis of 

Vol 


buircls 



1,065,084 

100 

- 

744,075 

44 7 


78,344 

4 7 


239,152 

14 3 

- 

461,455 

27 7 

— 

41,100 

25 

807,240 





1 ,803,400 

- - 

— 

0,01)0,100 

. — 

— 

— 

1,550 

01 

368,001 

— 

— 


Clacking. 

The term “ cracking ” is applied to processes 
in which hydrocarbon or other oils are decom- 
posed at elevated temperatures to produce 
gasoline. When cracking petroleum fractions 
heavier than gasoline, such as kerosene, gas oil, 
or residues, moderate temperature conditions 
corresponding to lessor decomposition produce 
more hquid products, while high temperatures 
produce larger amounts of gas. Nearly all 
cracking is attended with the production of 
varying amounts of carbonaceous material 
which may be heavy hquid or semi-solid residues, 
or coke.^®’ 

The decomposition of animal and vegetable 
oils by heat waa practised on a small scale prior 
to the inauguration of the petroleum industry 
as such. Benzene, for example, was discovered 
by Faraday in 1825 in the products of the thermal 
decomposition of fish and vegetable oils. The 
discovery m 1861 that petroleum oils could be 
cracked into lower-boiling products is supposed 
to have been accidental. A stillman is said to 
have lowered his fires to retard a distillation 


duiiiig his absence, so that some of the out- 
going still vapours condensed and fell back into 
the hot oil in the still Upon his icturn he was 
surprised to find that the specific gravity of the 
condensate from his still was lower than when 
he left it Cracking of heavy hydrocarbons was 
recognised by Peckham in 18G9,®® who reported 
that 28-00% of illuminating oil could be obtained 
by distillation of heavy oils under pressures of 
from 30 to 40 psi * Cracking was first employed 
to increase the yields of illuminating oil from 
crude petroleum, aS that was the primary pro- 
duct desired for many yeais Pressures em- 
ployed were moderate and seldom over 100 psi., 
although in 1904 Ipatieff used pressures up to 
5,000 psi. in experimental work.^® 


Thermal Cracking. 

Piior to the commerciabsation of cracking for 
the production of gasohne in 1913, a number of 
processes proposed distilhng oils at pressures as 
high as 500 psi. and temperatures above 538°c. 
(1,000°F.). Some of these processes specified the 
use of pipe coils for heating the oil, and the use 
of steam mixed with oil vapours during their 
passage through the coils. Others specified the 
use of heated pipe coils with succeeding cham- 
bers for the separation and collection of heavy 
products; the vapours and gases passing into 
condensing equipment for the recovery of low 
boihng liquids. 

The advent of the automobile made increased 
yields of gasoline from petroleum imperative 
and led to the first commercialisation of the 
cracking process to produce gasohne by Dr 
W. M. Burton of Standard Oil Company of 
Indiana in 1913 Gas-oil distillates were charged 
to horizontal stills 8 ft. in diameter and 30 ft. 
long. The still contents were heated at 400°o. 
(750°f.), first at 75 and later at 95 psi to effect 
a slow distillation. Long air-cooled vapour lines 
condensed a portion of the distilled vapours so 
that they refluxed back into the still. Pressure 
was maintained through the condenser and 

♦ Pounds per sq in. gauge pressure, 
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receiver and 30-35% by volume of gasoline was 
obtained. 

The developments in cracking since 1913 have 
been along the lines of higher temperatures and 
pressures and better design of equipment to 
permit better heating, greater throughputs, 
higher production of gasohne, the use of heavier 
coke-forming residual oils as chargmg 
stocks and the recycle of distillate frac- 
tions free from process r^idues (clean 
circulation). One of the first developments 
was the use of apparatus resembhng a 
water tube boiler, the unvaporised por- 
tions from the heated tubes circulating 
back to the tubes by a thermosiphonic 
effect. With more heating surface and 
greater speed of flow of the oil through 
the tubes, carbon was kept from deposit- 
ing and operating penods were longer. 

In later developments of this typo of 
apparatus the recirculated oil was forced 
through the tube by interior pumps and 
the liquid levels were maintained by intro- 
ducing fresh oil to make the process semi- 
( ontmuous until coke deposits necessitated 
cl shut-down 

Succeeding developments have been con- 
cerned with the use of highei piessuies up 
to 1,000 psi , and the use of better fractionating 
equipment to separate gases, gasoline, and inter- 
mediate boilmg-range recycle-stocks ha\ing low 
carbon-forming tendencies, heavy residual oils 
being withdiawn without further cracking. In 
another development crude oil charge is intro- 
duced into the cracking plant fractionator. 


Both horizontal and vertical reaction chambers 
have been used in which hquid and vapour 
separate, and in which high or low liquid levels 
are maintained, or coke aUowod to deposit 
Figs 11-19 inclusive show in outhne some of 
the steps in the development of present-day 
commercial cracking plants. Designs have 



uiideigone a wide varii'ty of modifications. A 
complete and detailed doscuption of the many 
types of cracking plants that have been con- 
structed would be unwarranted and only the 
more important developments will bo described. 

Fig. 11 shows a simple pressure shell still 
arrangement as in the Burton Process. The still 



was charged with a definite amount of oil which 
was distilled under pressure, while a portion of 
the evolved vapours were condensed in an air 
cooler to flow back to the still. Such stills were 
charged with 200-250 barrels of gas oil and 
about 24 hours were required for a distillation, 
which yielded 30-35% of motor fuel. Carbon 


deposits were scraped from the bottom of the still 
after the liquid residue was drawn off. 

Fig. 12 shows a somewhat later development 
with two added features (Burton-Clark Process). 
One IS the construction of the still to resemble a 
water tVibe boiler with a heated tube bank and 
an insulated horizontal cylindrical vessel, The 
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furnace heat was applied to the sloping tubes 
so that circulation of the oil took place by con- 
vection and the lighter products of decom- 
position were evaporated in the enlarged portion 
of the still. Better heat transfer was accom- 
plished in this apparatus, and the flow of oil 
through the tubes kept part of the carbon washed 
from the heated surfaces. The level of the oil 
in the evaporating chamber was maintained at 
a fixed point by the continuous admission of 
gas oil into the reflux line until the character of 
the residual oil in the still became so heavy that 
carbon formation was excessive, at which time 
operations were discontinued and the plant 
cleaned out. This arrangement of apparatus 
also employed air cooling for obtaining reflux 
and maintained pressure through the condenser. 


Further improvements consisted in increasing 
the penod of operation by aiding the circulation 
of the oil through the heated tube bank by 
mechanical means, feeding charge oil to the still 
and withdrawmg continuously from the still 
some fuel oil residue, as in the Trurable process. 

Fig 13 shows a specific application of this 
principle in the Jenkins stills. 

In addition to the thermally induced circula- 
tion through the heated tube bank, an impeller 
created more rapid circulation through the tubes 
and further lessened the tendency for carbon to 
deposit. The charge was introduced to a primary 
fractionator wherein it served as a refluxing 
medium and wherein lighter portions were 
distilled off, the heavy fractions flowing into the 
evaporating chamber Fuel oil residuum was 


Secondary Fractionator 



Fig. 13. 


drawn continuously from the system so that the 
operation was essentially continuous. A second- 
ary fractionator separated the vapours from the 
primary column into gasoline and recycle stock 
for further cracking treatment or sale as furnace 
oil. 

Fig. 14 shows a cracking plant with multiple 
reaction chambers in which both the pipe still 
and chambers are heated and a high level of 
liqmd 18 maintained in the chambers. The 
charging oil is passed through a coil m a small 
chamber at the top of a fractionator to absorb 
heat and produce reflux for the fractionator, the 
charge then passing through the upper section 
of a pipe still to become further preheated. A 
pump takes fractionator bottoms and a portion 
of the residual liquid from the thud and fourth 
reaction chambers in the series and forces the 


mixture through the lower section of the pipe 
still and then into the bottom of the first two 
of the reaction chambers. The chambers are 
interconnected by equahsmg hues so that hqmd 
and vapours have free passage between them. 
Each chamber is provided with a rotating scraper 
with arms for removing carbon deposits from 
its walls. Gasohne is obtained both from the 
vapours and the residual liqmd from the re- 
action chambers. ^ 

In the plants desenbed m Figs. 12-14 in- 
clusive, the partially cracked oils returned for 
further cracking all contain a certain amount of 
residual material which has relatively high coke 
formmg properties. This operation is currently 
known as “ dirty circulation.’* 

In the Dubbs piocess of Universal Oil Products 
Company several advances were made m the 
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cracking art, particularly in handling heavy 
residual chargmg-oils The use of “ clean cir- 
culation ” was a novel feature. In this typo of 
operation only partially cracked vaporised inter- 
mediate boihng-range products were recycled for 
further cracking, and all residual cracked pro- 
ducts were removed so that carbon deposits m 


heated ciacking tubes were minimised. Fig. 15 
shows the flow in a process of this (‘haracter. The 
charge w^as mtroduced to a dephlegmator and 
fractionated along with cracked products from 
the reaction chamber, a portion of the charge 
being fed directly if desired The liquid products 
from the dephlegmator flowed by gravity into 




Fio. 16 . 
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the heated cracking tubes along with such por- 
tions of the charge as were admitted directly. 
The lieated products from the cracking tubes 
entered a reaction chamber which provided time 
for the completion of the cracking reactions and 


eflFected a separation of vaporous and liquid 
products, the former passing to the dephlegmator 
for fractionation into a mixture of gas, gasoline 
vapours and recycle stock, and the last being 
withdraw^n as residue. By extending the time 



Fig. 16. 


of cracking in the reaction chamber, coke was 
deposited and allowed to build up, the coke 
being removed periodically while the cracked 
products from the heated tubes were diverted 
mto a parallel chamber to ensure the continuity 
of the process. 


Fig. 16 shows the flow in a succeeding develop- 
ment of the Universal Oil Products Company 
process, the added feature being the use of a hot 
oil pump for increasing the rate of combined feed 
to the cracking tubes. By this means, recycle 
of intermediate boilmg-range products for further 



cracking was increased and an added control of 
the extent and character of cracking was pro- 
vided. As before, either hqmd residue or coke 
was produced in the reaction chamber according 
to the mtensity of cracking. The fractionator 


was larger and installed at a lower level, since 
its elevation was not necessary. 

In a further development stage, the residuum 
from the reaction chamber was passed to a re- 
duced-pressure flash chamber from which light 
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distillate vapours were evolved and a residuum 
was pumped. The flow of this process is shown 
in Fig. 17. The vapours from the flash chamber 
are passed to a dephlogmator for further frac- 
tionation into a light distillate or naphtha, and 
an intermediate boiling-rango liquid which was 
pumped to the mam dephlegmator to form part 
of the combmed feed going to the cracking tubes. 
In this way a larger amount of intermediate 
boihng-range recycle stocks was produced and 
the yield of cracked gasoline was increased. 

A still later commercial development of the 
Universal Oil Products Company process is 
shown in Fig 18. In this plant the new features 
include the use of separate heating elements for 
cracking light and heavy stocks which are with- 
drawn from different levels in the fractionating 
column. These stocks include both components 


of the charging oil and of the cracked products. 
Another feature is the use of separate coke cham- 
bers into which the total products from the 
reaction chamber are admitted to form coke and 
vapours, which then enter the flash chamber and 
subsequently the final fractionating column into 
which the charge is admitted. A crude oil from 
which straight-run gasohne has been removed is 
introduced to the lowest section of a fractionating 
column in which it undergoes fractionation along 
with vaporous products from cracking, An 
intermediate boilmg-range reflux is withdrawn 
from a collecting plate above the point of 
admission of the charge, pumped through a light 
oil heater and into an enlarged chamber, while 
the bottom hquid from the fractionating column 
is pumped through a separate heavy oil heater 
into the same chamber. Conditions of tempera - 


Fractionating Column 



ture and pressure are varied in each heater so 
that combinations most smtable for the thermal 
conversion of each oil stream are maintained. 
The heated products from both cracking ele- 
ments pass together into the reaction chamber 
and then into the insulated coking chambers 
wherein coke gradually bmlds up. Cracked 
vapours pass to a chamber in which a rough 
separation is made of a fuel oil residuum and 
hydrocarbon vapours containmg cracked gaso- 
line. In the drawing, the designation “ flash 
chamber ” is used, although this is only true 
when the products from the reaction chamber 
pass directly from the reaction chamber and 
by-pass the coke chambers. This type of crack- 
ing plant permits the conversion of either topped 
crude or crude oils themselves into coke, fuel 
oil, and maximum yields of cracked gasoline. 


Typical data are shown in Table IX on the 
cracking of gas oils, fuel oil, and reduced crudes 
in plants arranged in general accordance with 
the flow shown in Fig. 18.*^ For purposes of 
comparison, data are included from cracking for 
hqmd residuum and cracking for coke using a 
gas-oil and a residual fuel-oil charge. Cracking 
the gas oil for coke gave a 72 8% (by volume) 
yield of gasohne compared with 68*2% when 
cracking for liquid residuum, the octane num- 
bers of the gasohnes being approximately the 
same, although the end boihng-point of the 
gasoline from the cokmg run is higher than from 
the residuum run. Similar comparisons w'ere 
found between the two types of cracking m the 
case of the fuel oil, a yield of gasoline of 67*2% 
when coking, and 61*3% when cracking for 
residuum being obtained. In this pair of runs 
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Table IX. — Crackino for Gasoline and Coke. 


Type of cracking 

2 Coil 

2CoD 

2 Coil 

1 2 CoU 

1 Coll 

1 Coil 

residuum. 

coking 

residuum 

coking 

Coking 

coking. 

Stock cracked 

Gas oil 

Gas oil 

Fuel oil 

Fueloil 

Reduced 

crude 

Reduced 

crude. 

Sp gr 

0 8670 

0 9042 

0 9285 

API gr 

81 7 

25 0 

20 9 


°C 


”C 

®F. 

®0. 


Initial b p 

200 

392 

191 

375 

267 

513 

10% 

293 

560 

298 

568 

311 

592 

60% 

351 

663 

381 

717 

374 

706 

90% 

396 

744 

396 

744 

401 

753 

End b p 

404 

760 + 

396 

744 + 

401 

753 

Operating Conditions 

°C ®F 

“C. °F 


OC ®F 

®C °F 

®C °F 

Transfer temp , heavy oil heater . 

493 920 

943 920 

488 910 

488 910 

477 890 

477 890 

n M light „ „ 

Reaction cliainber temp 

516 960 

516 960 

510 950 

510 950 

— 

— 

477 890 

477 890 

471 880 

471 880 

449 840 

449 840 

„ ,, press , psi 

250 

250 

200 

200 

200 

15 

Products 







Gasoline, vol 

68-2 

72 8 

51 3 

67 2 

49 4 

29 1 

Gas oil, vol. % 

— 

— 

— 

— 

27 7 

54 4 

Residuum, vol % 

19 4 

— 

41 3 

— 

— . 

— 

Coke, lb per barrel 

— 

40 2 

— 

63 8 

71 5 

52 0 

Gas, cu ft per barrel 

635 

820 

479 

840 

550 

437 

Properties of gasoline 







Spgr 

0 7316 

0 7420 

0 7347 

0 7362 

0 7467 

0 7475 

A P I gr 

61 9 

59 2 

61 1 

60 7 

58 0 

67 8 


°C "F 

“0 



°F. 

«C ®F 

Initial b p 

37 98 

34 94 

32 90 

37 99 

37 98 

41 105 

10% . . . 

60 140 

62 144 

61 142 

65 149 

69 156 

75 167 

60% . 

118 245 

125 257 

123 254 

122 252 

137 276 

140 284 

90% 

187 368 

202 396 

188 370 

189 372 

193 380 

188 370 

End bp . . 

205 401 

232 450 

207 405 

207 404 

212 414 

204 400 

Octane No , A S T M 

68 

67 

66 

67 

61 

01 

Properties of residuum 







Spgr 

1 0583 

— 

1 0107 

— 

— 

— 

API gr 

2 2 

— 

85 

— 

— 

— 

Coke, fixed carbon 


91 24 

— 

92 19 

91 82 

93 23 


the gasolines wore of the same end boiling-point, 
and that from the coking run had a higher 
specific gravity and a shghtly higher octane 
rating. 


Fig. 19 shows the flow m a Universal Oil Pro- 
cjucts Company typo of cracking plant designed 
for making maximum amounts of gasoline and 
hquid fuel without coking. In this operation 



the severity of cracking conditions is regulated 
80 that commercial grades of fuel oil are pro- 
duced and long runs are made between times of 
shut-downs for cleaning. This operation also 
produces furnace distillate. 


Typical operating conditions and yields of pro- 
ducts from cracking in plants similar to that 
shown in Fig. 19 are given in Table 
data include those from cracking runs on 
kerosene, gas oil, reduced crude, fuel oil, and 
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3.17 


T\ i)c of cracking 

1 Coil. 

1 Coil 

2 Coil 

2 Coll 

2 Coil 

2 Coil 

1 CoU 

Stock cracked 

Kerosene 

Reduced 

Fuel oil 

Gas oil 

Topped 

Crude 

Topped 




Cl tide 




crude 



crude 

Sp fir 

0 8178 

0 8849 

0 9030 

0 8838 

0 9279 

0 9076 

0 8586 

A PI gr 

35 4 

28 4 

25 2 

28 6 

20 0 

24 4 

33 3 


0 (, 


®c ®F 

®F 

"C 

“F 

"C "F. 


Op 

®F 

Initial b p 

173 

344 

191 375 

232 450 

228 

442 

225 437 

187 

368 

252 486 

10% ovei 

201 

394 

274 526 

322 612 

277 

630 

263 696 

229 

444 

277 530 

60% over 

267 

613 

878 712 

862 684 

348 

658 

357 676 

289 

552 

326 618 

90% over 

332 

629 

— 

Cracking 

399 

7.50 

Cracking 

393 

740 

393 740 

End b p. 

370 

698 

— 

373 704 

402 

756 

386 726 

396 

744 

399 7.50 

Operating conditions • 
Transfer temperature 

°r. 


°0 ®P 

Op ®F 


oy 

<’0 oy 

®C 

®P 

®F 

510 

950 

510 950 

H491 915 

502 

93.5 

493 920 

510 

950 

504 940 




L504 940 

513 

955 

504 940 

532 

990 


Reaction chamber 











temp 

Reaction chamber 

482 

900 

482 900 

408 876 

477 

890 

466 870 

482 

900 

477 890 

pressure, psi. . . 

350 

350 

H200 

300 

200 

250 

255 





L400 

300 

250 

300 


Products 











Gasoline, vol % 

70 0 

COO 

55 0 

59 0 

48 0 

49 0 

64 0 

Residuum, vol % 

14 0 

30 0 

35 0 

26 0 

45 0 

29 

5 

20 0 

Gas, cu ft per barrel 

650 

675 

525 

750 

401 

983 

802 

Pr()])eities of gasoline . 











Sp gr 

0 7 

628 

0 7408 

0 7332 

07 

428 

0 7507 

0 

7711 

0 7286 

API gr . 

54 0 

59 5 

61 5 

59 0 

57 0 

52 0 

62 7 


°0 


®C. ®F 

®C. “F 

°C 




°F 


Initial 1) p 

32 

90 

32 90 

35 95 

41 

105 

38 100 

36 

97 

36 97 

10% over 

66 

160 

63 145 

54 130 

62 

144 

63 145 

60 

140 

69 138 

50% over 

138 

280 

132 270 

113 235 

118 

245 

129 264 

121 

250 

103 217 

90% over 

177 

350 

196 385 

177 3.50 

176 

348 

181 357 

178 

353 

162 323 

End b p . 

193 

380 

204 400 

204 400 

208 

406 

202 396 

208 

407 

200 409 

Octane No , A S T M 

90* 


73* 

70 

72 


71 

79 


70 

Properties of residuum 











Hp Br 

1 1 0291 

1 0143 

1 0143 

1 0631 

1 0143 

1 0752 

1 5060 

A P I gr 

60 


8 0 

80 

16 


80 

0 1 

50 


H Heavy oil coil L Light oil coil, * llesearch method 


topped crudes, and also one run on a whole 
crude. The highest yields of gasoline were 
obtained from the kerosene, and the lowest from 
the first of the topped crudes. The octane 
numbers of all gasolines were 70 or higher by the 
A.S.T.M. method, except from the reduced crude 
run in the second column of Table X. In this 
case the earlier research method of determining 
octane number gave a value of 73, which would 
correspond to a figure below 70 by the A.S.T.M 
method. 

Viscosity Breaking, 

Viscous crude oils and residua are sometimes 
mildly cracked to produce fuel oils of lower 
viscosities which conform to standard specifi- 
cations in this respect, such as the A.S.T M. 
No. 6 fuel oil, which must have less than 300 
seconds Saybolt furol viscosity at 50®c. (122°p.). 
Such operations are known as viscosity breaking 
and are carried out under relatively low tempera- 
tures from about 415°o. (780 ®f.) to 480°c. 
(896 °f.). Pressures may vary from about 100 to 
500 psi., and sufficient cracking is brought about 
in a single passage through the cracking coil 
without recycling. The thinning of the oils by 
this process is due principally to the breakdown 
of the heavier components into intermediate 
products of the character of gas oils, although 
small amounts of gasoline are formed, usually 
5-16% by volume of the charge. The gasoline 
is distilled and recovered and the intermediate 
products are used directly as hght fuel-oils, 

VoL. IX.— 22 


cracking stocks for gasoline manufacture, or 
diluents for the residuum from the cracking 
to bring the viscosity below maximum limit 
requirements. 

A typical group of viscosity-breaking runs is 
summarised by the data in Table XI. A topped 
crude oil from an Illinois field was cracked in a 
once- through operation to find the best con- 
ditions for producing a minimum yield of 300 
second Saybolt furol viscosity residuum, and 
maximum yields of distillate fuel oils. The 
topped crude oil was cracked in a heated tubular 
element and a reaction chamber under the con- 
ditions shown in the Table, and the products 
were distilled to produce gas, gasoline, light and 
heavy distillates, and residuum. The total distil- 
late products were designated as synthetic crude. 

The yield of gasohne and gas varied from 
6*1% by weight in Run 3 to 13 2% by weight 
in Run 6, while the residuum yield was a 
minimum of 37 7% in Run 4, and a maximum 
of 41 3% in Run 6. Since the object of the runs 
was to produce a fuel oil residuum having a 
viscosity of less than 300 seconds, all runs met 
this requirement except Run 4. The yield of 
light and heavy distillates was highest in Run 1 . 
The octane numbers of the gasoline ranged from 
64 6 in Run 1 to 67-7 in Run 6. 

Another example of viscosity breaking is given 
in Table XII, winch shows the results in cracking 
a viscous crude oil at 416°o. (779°p.) at 160 psi. 
for a time of about 13 minutes under these 
cracking conditions.** 




338 


PETROLEUM. 


Table XI. — ^Viscosity Breaking. 


Run number 

1 

2 

3 

4 

5 

6 

Operating conditions 







Temperature, ®c. 

459 

471 

449 

477 

449 

471 

Temperature, ®P. 

859 

880 

480 

891 

840 

880 

Pressure, psi 

100 

100 

100 

100 

200 

200 

Yields, vol -% charge 







Hynthetio ermie 

63 0 

63 2 

62 0 

63 8 

61 1 

63 1 

Residiiuin 

36 4 

36 3 

38 6 

35 3 

39 0 

36 0 

Yields, wt -% charge 







Ciasolme and gas 

8 0 

10 4 

6 1 

11 3 

0 3 

13 2 

No 2 distillate 

25 5 

24 1 

21 9 

22 9 

21 6 

23 0 

Heavy distillate 

27 8 

27 0 

31 3 

28 1 

30 8 

24 9 

Residuum 

38 7 

38 5 

40 7 

37 7 

41 3 

38 9 

Properties of Products 







iyynthetic crude 







Sp gr 

0 8560 

0 8524 

0 8591 

0 8509 

0 8607 

0 8488 

API gr 

33 8 

34 5 

33 2 

34 8 

32 9 

35 2 

Viscosity, Saybolt univ at 







38“C. (i00°F ) 

43 0 sec 

41 0 

46 0 

38 0 

44 8 

38 2 

Gasoline 







Sp gr 

0 7409 

0 7275 i 

0 7301 

0 7351 

0 7290 

0 7313 

API gr 

57 2 

63 0 

62 3 

61 0 

62 6 

62 0 

Octane niimboi 

64 6 

67 1 

65 7 

66 2 

67 4 

67 7 

No 2 Distillate 







Sp gr 

0 8521 

0 8524 

0 8509 

0 8468 

0 8504 

0 8540 

API gr 

31 5 

34 5 

34 8 

35 0 

34 9 1 

31 2 

, Heavy distillate 







8p gr 

0 8950 

0 8084 

0 8905 

0 8990 

0 8927 

0 8996 

API gr 

26 (> 

26 0 

27 4 

25 8 

27 0 

25 8 

Viscosity, SavboH univ at 







50"C (122"i ) 

98 3 sec 

91 0 

88 0 

121 0* 

135 0* 

86 5 

Eesiduum • 







Sp gr 

0 9685 

0 9725 

0 9632 

0 9752 

0 0665 

0 9732 

API gr 

14 0 

14 0 

15 4 

136 

14 9 

13 9 

Viscosity, Sajbolt fuiol, at 







50‘’0 (122®F) 

260 sec 

260 

250 

302 

237 

260 


♦ At38'^C (lOO^F) 


Table XII — Viscosity Breaking of 
Crude Oil 


Charge 

and 

product 

Crude 

oil, 

specific 

gra\uty 

Viscosity, 
Haj bolt 
at 50^0 
(122®?) 

Flash 

point. 

Gas 

and 

loss. 

Crude 

0 955 

905 sec 

®C °F. 

136 277 

0 

Cracked crude 

0 946 j 

219 sec 

64 147 

20 


Vapour-pliase Cracking. 

In addition to the types of processes described, 
which are aimed at the production of maximum 
yields of gasohne and which operate so that 
mixed hquid-vapour-phase conditions obtain m 
the cracking zone, another type of process 
operates essentially in the vapour phase at high 
temperatures and atmospheric or slightly super- 
atmospheric pressures. Such operations neces- 
sarily involve the use of larger equipment and 
tend to produce greater amounts of aromatic 
hydrocarbons and gaseous products Com- 
mercial plants employ highly -heated tubular 
elements and very large reaction chambers 
Some commercial vapour-phase processes utihse 
diluent gases such as steam or hydrogen so that 
in effect operations are conducted at subatmo- 
spheric pressures in respect to the oil vapours. 
In such processes, the recovery of gasoline from 


the cracked vapours requires the use of absorp- 
tion oils or cooling and compression. 

The temperatures employed in vapour-phase 
cracking are from 550° to 650°c. (1,022° to 
1,202°f.), and the pressures vary from atmo- 
spheric to 6 atm. (75 psi.). Under the high 
temperatures employed, heat transfer is satis- 
factory even at the low pressures used. Although 
temperatures up to 800°c (l,472°r ) may be 
employed in vapour-phaso cracking, the use of 
those above 650°c. (1,202°f ) is impractical, due 
to hard coke formation and rapid deterioration 
of tubes. The use of the higher temperatures 
mentioned results mainly in the production of 
aromatic hydrocarbons. Only comparatively 
light distillates such as naphthas, kerosene, and 
light gas oil can be cracked in the vapour phase, 
since heavy distillates and residual oils form 
excessive amounts of coke i^hich soon cause 
overheating and clogging of tubes 

Table XIII shows some results on the vapour- 
phase cracking on a light naphtha having a 
specific gravity of 0 835 (38° A.P I.), and a 
boiling range of 136-185°c. (277-365°f ) The 
data show that the formation of gasoline passed 
through a maximum at G50-700°c. (1,202- 
1,292°f.), and that the amount of residuum 
decreased and the amount of gas increased up 
to 800°c. (1,472°f ). The gas at the higher 
temperatures consisted largely of hydrogen and 
methane. 
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Table XIII.— Vapour-phase Cracking op Naphtha at Atmospheric Pressure. 

Yields % by weight. 


Temperature . 

Of, 

600 1,112 

650 1,202 

Of, Oj, 

700 1,202 

0(, Op 

750 1,382 

Oq Ojj, 

800 1,472 

Of, Op 

850 1,562 

Gasoline 

17 0 

24 5 

24 0 

19-5 

■n 


Residuum 

68 8 

30 3 

22 8 

21 7 



Gas . 

14 2 

1 

45 2 

1 

52 2 

58 5 

HI 



Thermal Reforming, 

In addition to cracking portions of crude 
petroleums heavier than gasoline, low octane 
number straight-run gasolines are cracked or 
“ reformed ’* to improve their knock ratings. 
In such operations conditions are chosen so that 
there is a maximum production of hydrocarbon 
molecules of altered structure and higher anti- 
knock value, and minimum production of gases 
and hydrocarbons heavier than gasoline. The 
conditions for reforming are more severe than 
those used m cracking heavy distillates and 
residual oils. In commercial practice, tempera- 
tures of 510°c. (950°f ) to 538°c (1,000°f ) or 
higher and pressures of around 750 psi. are em- 
ployed. Yields of reformed gasoline range from 
65 to 90% inversely as the octane rating 
increases. 


A typical process flow in a reforming plant is 
shown in Fig. 20. A gasoline of low knock 
rating is pumped through a pipe coil comprising 
a heated section and an unheated “ soaking ” 
section, after which cooler oil is injected to 
reduce the temperature quickly, and arrest the 
cracking reactions short of undue formation of 
gases and heavy products. The reformed pro- 
ducts and quench oil are fractionated into gases, 
gasoline, and heavier oils. 

In reforming gasolines, as in cracking heavier 
oils, the anti-knock value of the gasolines pro- 
du(*ed IS higher because of the piesence of in- 
creased amounts of olefinic, aromatic, and iso- 
paraffinic hydrocarbons. 

Some typical results obtained in thermal 
reforming of straight -rumgasolmes and naphthas 
are given m Table XIV.^® The data indicate 



that the losses in producing reformed gasolines 
of around 70 octane number are definitely higher 
with lower octane rating gasohnes typified by 
the Pennsylvanian and Michigan stocks, which 
yielded about 65% of reformed product. The 
Texas, Montana, and Californian stocks which 
had octane ratings over 50 gave from 69*2 to 
79 5% by volume yields of reformed products. 

Thermal reforming of gasolines and naphthas 
for the production of low molecular weight olefins 
such as ethylene, propylene, butylenes, and 
pentylenes is a profitable operation when these 
products are needed m producing alkylates and 
other synthetic products. Yields of butylenes 
as high as 1 0% by liquid volume of naphthas can 
bo produced by using temperatures around 
660°c. (1,200°F.). 


Furnaces, 

One lino of development in cracking and 
reforming has been marked by improvements in 
furnace design. Studies of the location of car- 
bon deposits along the lino of flow in tubular 
heaters indicated critical temperatures, pressure, 
and flow rates at points corresponding to heavy 
carbon deposits. By varymg heat input-rates 
along the line of flow, carbon deposits were kept 
at a minimum by slowing up the rate of carbon 
formation and increasing the velocity to produce 
a washing action. The early furnaces employed 
convection heat alone. In later designs con- 
vection and radiant heat were separated and 
applied at different points in the pipe coil, cer- 
tain sections being heated entirely by radiant 
energy from flames or heated furnace walls. 
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Table XIV. — Reforming of Gasolines and Naphthas. 



Penn- 

sylvanian 

straight 

nm 

gasoline 

Michigan 

straight 

nm 

gasoline 

Midcon- 

Unent 

straight 

run 

gasoline 

Texas 

straight 

run 

gasoline 

Montana 

straight 

run 

gasoline 

Califorman 

liglit 

na])htlia. 

Mexican 

straight 

run 

gasoline 

Iraq 

crude 

tops. 

Charging stock 

8p gr 









0 7403 

0 7324 

0 7307 

0 7430 

0 7307 

0 7945 

0 7303 

0 7447 

A P I gr 

.58 1 

61 7 

59 8 

58 8 

59 8 

46 6 

59 9 

58 5 

Octane niiinbcr . 

38 

20 

42 

54 

51 

50 

41 

— 


■"c °P 

Of, Op 

Of, Op 

®C. °F 

®C '’F 

Op Op 

Of, Op 

“C. 

Initial b p 

07 152 

07 152 

40 115 

37 99 

52 J20 

151 303 

49 121 

51 124 

10% over at 

102 215 

88 190 

81 177 

76 168 

86 186 

155 311 

84 1S4 

80 176 

50% over at 

138 280 

137 278 

130 277 

128 262 

100 212 

100 320 

130 277 

141 285 

90% over at 

179 354 

182 360 

175 347 

182 360 

171 340 

171 340 

184 363 

212 416 

End bp 

202 390 

108 389 

105 ‘383 

208 406 

194 381 

184 364 

200 402 

263 500 

Operating conditions 









Furnace outlet 

621 975 

520 985 

538 1,000 

524 975 

518 965 

524 975 

521 970 

524 975 

Reaction chamber 

497 920 

502 935 

510 950 

495 925 

491 915 

496 925 

403 920 

496 925 

Pressure, psi . 

600 

1,000 

600 

750 

500 

750 

750 

500 

Products : 









Gasoline, vol % 

60 5 

65 5 

74 7 

76 0 

70 5 

60 2 

70 9 

65 9 

Sp gr. 

0 7495 

0 7351 

0 7424 

0 7459 

0 7302 

0 7870 

0 7377 

0 7305 

A P.I gr 

57 3 

01 0 

59 1 

58 2 

GO 7 

48 3 

60 3 

02 2 

Octane number. 

74 

67 

70 

72 

72 

77 

71 

70 


Of, Op 


‘’C °F. 

‘‘C ‘»F 

“F 

Of, Op 

Of, Op 

®C “F 

Initial bp. . 

29 84 

34 94 

32 89 

36 96 

30 96 

34 93 

29 84 

36 96 

10% over at 

68 154 

1 01 142 

03 146 

03 140 

63 146 

82 179 

54 130 

58 130 

50% over at 

87 188 

89 103 

126 259 

114 238 

117 243 

147 296 

115 239 

116 240 

90% over at . 

190 384 

182 360 

180 350 

179 354 

169 336 

177 350 

186 300 

177 350 

End b p 

207 404 

202 396 

193 379 

202 396 

197 386 

191 381 

204 400 

105 383 

Residuum, vol % 

46 

43 

1 3 

3 5 

38 

8 2 

3 3 

95 

Gas, cu ft per 









barrel 

940 

789 

611 

640 

778 

695 

730 

718 


The most improved typos of furnaces apply 
radiant heat uniformly around the circum- 
ference of the pipes, such furnaces being known 
as the “ equiflux ” type. 

Craclmg Statistics, 

In 1940 the capacity of cracking plants in the 
United States was 2,100,000 barrels daily charge 
with a production of 1,104,000 barrels of cracked 
gasoline, representing a yield of about 03% by 
volume of the oil charged. The total production 
of cracked gasoline in the United States in 1940 
was 294,365,000 barrels, and in that year it was 
estimated that cracking conserved 1,444,789,000 
barrels of crude oil which would otherwise have 
been reqmrcd to meet gasoline demands. From 
the inception of commercial cracking in 1913 
through 1944, the amount of crude oil conserved 
by cracking is estimated to be about 
20,000,000,000 barrels in the USA alone. The 
effect of the Second World War, with its pressing 
demands for aviation fuels of ever-increasing 
octane rating, gave great impetus to catalytic 
cracking and the use of all available high octane- 
rating hydrocarbons for use in aviation fuel 
blends. 

Catalytic Cracking. 

There are definite limits to the octane numbers 
of gasolines producible by thermal cracking. 
When attempts are made to produce gasolines 
having octane ratings over 72, the yield decreases 
sharply, and the gasoline contains high per- 
centages of olefins. 

The use of catalysts in cracking increases to 


varying degrees the rates of decomposition of 
the different types of hydrocarbons present in 
the charging oils. Catalytic cracking and 
retreating processes are employed to produce 
gasohne low in olefins and high in i^opaiaffin and 
aromatic hydrocarbons. The octane ratings of 
such gasolines arc about 80, and they are used 
in largo percentages as components of aviation 
fuels due to their saturated and stable character 
and their high octane number 

In the past few years a number of catalytic 
cracking processes have been commercialised. 
The oils charged to these processes are principally 
peti oleum distillate fractions such as gas oils 
The catalysts used are composites of silica and 
alumina, the sihea being in major proportion by 
weight. Such catalysts are of a refractory 
character so that their activity is maintained 
over long periods of time, during which they are 
alternatively used in cracking and reactivated 
by burning off carbonaceous deposits. 

In the catalytic cracking process, as in thermal 
processes, the temperatures employed vary con- 
siderably, depending upon the type of oil charged 
add the quality desired in the cracked gasoline 
In general, temperatures below 477°o. (890 °f.) 
are not used, nor temperatures much above 
624°c. (975 °f.). The production of motor gaso- 
line may vary from about 35 to 50% on a single 
passage through the catalytic plant, and the 
octane ratings of such gasohnes usually vary 
from about 80 to 82. The pressures employed 
are only slightly above atmospheric in contrast 
to the relatively high pressures employed in 
thermal cracking. 

The relative yields of gaseous and liquid 
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products and the types of hydrocarbons of which 
they are composed are different from those ob- 
tained when cracking without catalysts. The 
gases contain higher percentages of propylene, 
butylenes, and wobutane, all of which can be 
used to synthesise gasoline of higher octane 
rating by polymerisation and alkylation re- 
actions. The gasoline contains olefins as does 
gasobne from purely thermal cracking, but it 
also contains higher percentages of isoparaffins 
and aromatics, both of the latter groups contri- 
buting to produce the higher octane ratings 
noted above. It has been estimated that, if the 
gaseous products are processed to obtain all 
possible gasoline and the unconverted hquid 
fractions from the first passage over the catalyst 
are subjected to further catal 3 rtic cracking, 
yields of gasoline up to 85% by volume of a gas- 
oil charging stock can be obtained. Analyses 
showing the proportion of the main hydrocarbon 
groups in gasolines from catalytic cracking are 
shown in Table XVI (p. 346). 

When catalytic cracking is conducted at the 


higher temperatures in the range 477-624®o. 
(89(>-976®f ), many low-boiling olefins and 
alkylated aromatics are found in the gasoline 
fractions boiling below about 200°c. (392 °f.). 
When using lower temperatures in this range the 
percentage of olefins is lower and the gasoline 
consists of higher percentages of isoparaffins, 
naphthenes, and alkyl aromatic hydrocarbons. 

Three broad t 5 rpes of catalytic cracking pro- 
cesses are used commercially. These §re known 
as the “ Fixed Bed Process,** “ The Moving Bed 
Process,** and “ The Fluid Flow Process,” the 
names having reference to the method of using 
the catalyst 

Fixed Bed Catalytic Cracking Process, 

This catalytic cracking process uses the 
catalyst in the form of granules or pellets in 
static beds through which oil vapours preheated 
to cracking temperature are passed until the 
catalyst becomes carbonised, after which it is 
reactivated by burning off the carbonaceous 



¥ig, 21 . 


material while the oil vapours arc diverted 
through a bed of fresh catalyst m another 
reactor. Fig, 21 shows a schematic flow of this 
typo of process, which was developed m the 
United States by Houdry.^® 

A gas-oil charge is passed in indirect heat 
exchange relationship with the heavy gas-oil 
fraction from the fractionating column and then 
in further heat exchange with the vapours from 
the catalyst towers After heat is absorbed in 
these two exchange steps, the charge is passed 
through a heater in which the temperature is 
raised to a cracking level for contact with the 
granular catalyst in the reactors. These contain 
nested catalyst tubes around which molten salt 
mixtures are circulated to distribute heat and 
assist in maintaining uniform temperatures 
throughout the reactor. These salt mixtures 
are eutectics comprising mixtures of sodium 
nitrate and sodium nitrite. The cracked 
vapours pass through the heat exchanger men- 
tioned and are then fractionated to recover 
gases and gasoline vapours from the top, and 
heavy gas oil from the bottom of the column. 


The gasobne vapours are cooled and condensed 
and then passed to a final stabiliser from which 
a certain percentage of dissolved gases is removed 
and gasoline having the desired boiling range 
and vapour pressure is recovered. 

Moving Bed Catalytic Cracking Process, 

The flow diagram of this process, which is 
designated as the Thormofor Catalytic Cracking 
Process (TCC) is shown in Fig. 22.^® In this 
type of catalytic cracking a mass of catalyst m 
the form of small pellets or spherical particles 
moves downward through the cracking reactors. 
A stream of preheated oil vapours either flows 
upward counter- currently to the catalyst, or in 
an alternative operation the vapours may flow 
downward concurrently with the moving catalyst 
bed. The carbonised particles are elevated 
mechanically and then passed downward against 
rising currents of air to bum off the carbon- 
aceous material, and the regenerated particles 
are again raised by mechanical means to the top 
of the cracking reactor. 
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Fluid Flow Catalytic Cracking Process. 

This process, representing a radical departure 
from previous catalytic cracking operations, was 
developed by the co-operative efforts of the 
following companies : Universal Oil Products 
Company, Standard Oil Development Company, 


The M. W. Kellogg Company, Shell Develop- 
ment Company, Texaco Development Corpora- 
tion, Standard Oil Company (Indiana). 

In this process the gas -oil vapours are brought 
mto contact with catalyst m finely divided con- 
dition. The essential parts and the process flow 




PurnnL<> 

Fig. 23. 


in a plant of this character are shown in Fig 23.®® 
The charge is heated and vaporised, and powdered 
regenerated catalyst enters the stream of oil 
vapour by gravity, and the mixture passes 
through a reactor where the cracking takes place, 
a certain amount of carbonaceous material being 


deposited upon the catalyst particles Oil 
vapours and catalyst dust pass to a cyclone 
separator, the oil vapours being fractionated into 
gas, gasoline, heating oil, heavy gas oil, and fuel- 
oil bottoms. The spent catalyst flows by gravity 
from a hopper into a stream of air and mto a 
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regenerator, where combustion of the car- 
bonaceous material takes place, and the catalytic 
activity of the particles is restored. Consider- 
able heat IS generated in the burning of the car- 
bonaceous deposits, and some of this is removed 
by heat exchangers as a portion of the catalyst 
18 circulated from the regenerated catalyst 
hopper to the regenerator by part of the air from 
the source of supply The finer particles from 
the regenerator which escape settling in the 
cyclone following the regenerator arc recovered 
in a succeeding electrical separator and returned 
to the system. 

A flow diagram of a two-stage fluid flow 
catalytic cracking plant is shown in Fig. 24, the 


oil being cracked in a primary reactor and the 
gasoline separated and retreated to lower its 
olefin content in a second reactor.®^ 

The raw oil charging -stock, usually gas oil, is 
preheated by heat exchange with a recirculating 
stream from the first-stage fractionating column 
(equipment not shown in the drawing), then 
passed to the catalyst-to-oil heat exchanger 
shown, where it receives further preheat from a 
stream of catalyst which circulates between the 
exchanger and the regenerator. Additional heat 
18 supplied by means of a tubular heater (not 
shown in the drawing) in which the charge is 
raised to the temperature required to vaporise 
the oil. The vapours then enter the reactor 



where contact is made with the hot catalyst 
flowing from the regenerator. The oil vapours 
and catalyst flow upward in the reactor. 

The vapours leaving the reactor carry some of 
the catalyst powder with them. The major por- 
tion of these catalyst particles Is recovered by 
passing the vapours through cyclone separators 
and electrical precipitators, and the balance is 
recovered as a slurry at the bottom of the first 
stage fractionating column. 

The air required for combustion of the car- 
bonaceous material on the spent catalyst enters 
at the base of the regenerator risers and carries 
the catalyst upward into the regenerator. The 
regenerated catalyst flows into the draw-off well 
down to the two reactors and into the catalyst- 
to-oil heat exchangers. 

The products of the reaction are then frac- 
tionated in the first-stage fractionating column 


and gas- concentrating equipment from which 
gasoline is returned to the second-stage reactor 
for treating, usually at a some^\hat lower space 
velocity and temperature. Heat is furnished to 
the second -stage reactor principally by hot 
catalyst from the regenerator, the catalyst-to- 
oil ratio in this stage being relatively high From 
the second-stage reactor the treated product 
passes to the second-stage fractionating and gas- 
concentrating sections for separation and re- 
covery of the gasoline 

Improved results in respect to both yields and 
quahty of catalytically cracked gasolines are 
obtained when the recycle stocks are hydro- 
genated before they 6^re again brought into con- 
tact with the catalyst. Hydrogenation saturates 
both olefins and aromatic hydrocarbons, and in 
effect returns paraffins and naphthenes to the 
cracking zone. 
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Treatment of Catalytically Cracked Gasolines. 

Present aviation-gasoline specifications are 
such that base stocks of high quality must bo 
relatively low in olefin content and high in iso- 
paraffin and aromatic content. These require- 
ments can be met by catalytic cracking plants in 
two ways : first, the unit may be operated at 
relatively low temperatures, 427~482°o. (800- 
900°f.), in w^ch case a base stock having a low 
olefin content is produced. However, conver- 
sions high enough to correspond to the desired 
aromatic content are difficult in such an opera- 
tion on most stocks because of the severity of 
other operating conditions (pressure, time) 
necessary, and because of relatively high pro- 
duction rates of carbon at the lower tempera- 
tures. As an alternative, the cracking operation 
(’an be carried out at higher temperatures and 
higher conversions. This operation produces a 
base stock which is rich in aromatics but which, 
unless unusually high conversions and naph- 
thenic stocks are used, contains a higher quantity 
of olefins than can be tolerated directly in avia- 
tion -base stocks Accordingly, some method of 
treating this gasohno must be employed. 

Catalytic — When the gasoline from high- 
temperaturo catalytic cracking is brought into 
contact with a synthetic sdica-alumma catalyst 
m the temperature range of about 371-482°c. 
(700-900°f.), a base stock of exceptionally high 
quality is produced Not only is the olefin con- 
tent reduced by hydrogen transfer, but isomeri- 
sation also takes place ; so that a marked im- 
provement in anti-knock quality results. This 
operation is highly desirable in many instances, 
particularly when paraffinic charging stocks are 
processed. Processes for catalytic retreating of 
catalytically cracked gasolines form the subject- 
matter of numerous patents.®^ 

Sulphuric Acid — A second method of re- 
moving olefins from gasolines is by sulidiuric 
acid treatment. The removal of the olefins and, 
m the case of high-sulphur stocks, the simul- 
taneous desulphiirisation roahsed, result in 
marked improvement in susceptibility of the 
gasoline to increased octane number by the 
addition of tetraethyl lead. However, the 
molecular rearrangement of the other hydro- 
carbon components of the gasoline is not realised, 
and the improvement in quality is inferior to that 
obtained in catalytic treating. This difference 
m quahty is offset in part by a considerable re- 
duction in the amount of equipment required, 
and can be minimised further by the operation 
of the first-stage cracking stop at higher con- 
version levels. Accompanying the acid treat- 
ment, of course, is a loss of hydrocarbons and an 
appreciable consumption of acid. 

Polymerisation. — ^A third treating method is a 
relatively new development known as “poly- 
treating.” This operation comprises liquid- 
phase treatment of the gasohne in the presence 
of a UOP sohd phosphonc acid catalyst. The 
results are comparable with those which can be 
reahsed by sulphuric treatment, because the 
principal reaction in both processes is the removal 
of olefins. The improvement in quality is, 
therefore, largely a result of the improved leaci 
susceptibihty resulting from removal of the 
olefinic compoimds. The prime feature of this 


process is the long life of the catalyst, which 
makes it economically attractive. The high- 
boiling material produced in this operation is 
qmte satisfactory for catalytic recracking ; thus 
the volumetric loss of aviation fraction attending 
the poly-treatmg operation itself is not charge- 
able against the combined catalytic cracking and 
treating operation, as a large part of the bottoms 
can be recovered as aviation gasoline in the 
recracking step. 

Hydrogenation. — An effective method of re- 
ducing the olefin content of catalytically cracked 
gasolines consists in low temperature hydro- 
genation, which converts the olefins mto para- 
fins. The hydrogenation of catalytically cracked 
gasohno at temperatures of 116-121°o. (240- 
250®f.), at atmospheric pressures using a nickel- 
on-Kieselguhr catalyst gave the results shown m 
Table XV. The data indicate that the olefins 
were almost completely hydrogenated with veiy 
little effect on the aromatics and with an in- 
crease in octane number. 


Table XV. 



Charge 

Treated 

product 

Sp Kf 

0 7370 

0 7451 

APT gr 

60 6 

68 4 

Pr No 

68 

2 

Octane number ♦ 

00 8 

92 6 

1 nitial b p . 

(I02"l- ) 

4rc (106"F) 

Pinal b p 

Paraffins and naph- 

189"C (340®! ) 

190®0 (342°1' ) 

thenes 

33 

67 

AroniatlcH 

35 

32 

Olefins .... 

32 

1 


♦ Plus 4 c c of^etraetliyl-lead per gallon of gasoline 


Composition of Catalytically Cracked Gasolines. 

The presence of higher percentages of iso- 
paraffin and aromatic hydrocarbons is a dis- 
tinguishing characteristic of catalytically cracked 
gasolines m comparison with non-catalytically 
cracked products Sufficient data are not avail- 
able on the yields and qualities of gases and 
gasolines produced by the thice major types of 
catalytic cracking processes described to afford 
a definite comparison of their commercial merits. 
The mechanical features of operation are dif- 
ferent and the relative composition of gasolines 
depends upon the oil charged and the conditions 
of operation, which are varied to produce motor 
fuel or aviation fuel. However, some data are 
available which show the hydrocarbon group 
analysis of gasolines produced by thermal and 
catalytic cracking respectively, and other data 
which show the proportion of isoparaffin in low 
boiling gasohne fractions from thermal and 
catalytic cracking in comparison with analogous 
straight-run gasohnes. The hydrocarbon group 
composition of a gasoline from thermal non- 
catalytic cracking and three catalytically cracked 
gasohnes made by the Houdry Fixed Bed Opera- 
tion are given in Table XVI.*^ The data show 
that the gasohne from thermal cracking is 
higher in olefin hydrocarbons and lowet m naph- 
thene and aromatic hydrocarbons. 
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Table XVI. — Composition of Cjiackbd 
Gasolines. 


Charge 

Cracking 

(on 

com- 

mercial 

scale) 

Fraction 10-1 75®C 
(50-347°F ) 

Para- 

tlns. 

Naph- 

thenes 

Ole- 

fins. 

Aro- 

matics. 

Gas oil,* sp 
gr 0 8816, 
A.P I gr 
29 

Thermal 

53 

14 

30 

3 

Gas oil,* sp 
gr 0 8708, 
API gr 

31 

Catalytic. 

66 

19 

9 

16 

Heavy crack- 
ing stock 
fiom coastal 
crude 

Catalytic 

* 39 

19 

29 

13 

Heavy naph- 
tha from 
coastal 
crude 

Catalytic 

1 

43 

24 

5 

28 


• Approximately 50 50 mixture of Mid-Continent 
grade and GuU Coast grade gas oils. 


Tho composition of the hexane fractions of 
three typical gasolines is shown in Table XVII 
The isoparaffins are highest in the catalytically 
produced gasoline and lowest in tho thermally 
Clacked ga&olme, which at tho same time con- 
tains the highest percentage of n-hexane. 


Table XVII, — Composition of Hexane 
Fkaction of Gasolines. 


Hexanes. 

East 

Texas 

straight- 

run 

gasoline, 
vol %. 

Theinnd 
gasoline, 
vol % 

Catalytic 
gasoline 
prepared 
at 427°c 
(800‘‘F ), 
vol %. 

w-Hexano 

51 

63 

9 

2-Methylpentanc 

32 

18 

48 

3-Methylpentane 

16 

16 

27 

2 3-Dimoth>l- 
butane 

1 

3 

13 

2 2-Dimethyl- 
butane 


__ 

3 

Total isoparaffins 

49 

37 

1 


The properties of the oils cracked, the yield 
of motor gasolmo and furnace oil, and the 
properties of the motor gasoline from fluid 
catalytic cracking of gas oil are shown in 
Table XVIII.®* 

Table XIX includes data on the quality of 
aviation gasolines made in fluid catalytic com- 
mercial operations using synthetic catalysts, and 
includes a comparison of the effects of paraffinic 
and naphthenic feed stocks on the gasolmes.®* 
All products were stabihsed to a 7 lb. Reid 
vapour pressure and all had approximately the 
same percentages distilled at 145°o. (293 °f,) and 
the same end point. The octane numbers are 
all above 80, the highest value of 86 being shown 
by tho gasoline from the single-stage high 
temperature cracking of the naphthenic stock. 
The lowest octane rating is shown by the hydro- 
genated gasoline from the single-stage cracking 
of the paraflinic oil. However, the hydro- 
genated gasolme showed the highest octane 


Table XVIII.— Motor Gasoline Production 
AND Quality from Fluid Catalytic 
Cracking of Gas Oils. 



East 

Texas 

wide 

cut 

West 

Texas 

Mdde 

cut 

West 

Texas 

heavy. 

Coastal 

wide 

cut 

Feed properties 
Sp gr 

0 8670 

0 8855 

0 9200 

0 9212 

API gr 

31 7 

27 3 

22 3 

221 

Sulphur, % 
by weight 

0 48 

1 80 

2 49 

0 63 

Pioduct yields 
(% by volume) 
Motor gaso- 
Une* 

45 0 

43 2 

46 0 

46 2 

Furnace oil 

51 2 

52 

51 2 

61 2 

Motor gasoline 
properties t 

Sp gr. 

0 7370 

0 7459 

0 7459 

0 7507 

API gr. 

60 5 

58 2 

58 2 

57 0 

A S T M distil- 
lation (% dis- 
tilled) at * 

70°C ; 158°F. 

26 5 

18 5 

18 5 

23 0 

100®C ; 212°F 

57 0 

42 0 

38 0 

43 5 

End point, 
*0 ; ^F. 

208, 406 

204, 400 

205, 401 

208, 406 

Sulphur, % 
by weight 

0 03 

0 18 

0 246 

0 044 

Octane No . 

C F R.-M § • 
without 
addition of 
T E.L t 

80 5 

70 4 

77 9 

80 5 

Plus 1 5 ml 
TEL per 
gal 

84 6 

83 0 

812 

84 7 

Cracked gas-oil 
properties f 

Sp gr. 

0 8762 

0 9123 

0 9176 

0 9218 

API gr 

30 0 

23 6 

22 7 

22 0 

50% point 
(A S T M. 
distilla- 
tion) °c , 
°F 

300, 572 

318, 605 

318, 605 

295; 563 


♦ Reid vapour pressure, 10 lb ; end point, 400 °f 
t Inspections on product as produced without 
further treatment 
t I’etraethyl-lead. 

§ Motor method 


number of 98 2 after tho addition of 4 ml. of 
tetraethyl-lead per gallon, on account of the 
complete absence of olefins. 

Reactions of Cracking. 

Reactions involved in decomposition of hydro- 
carbon mixtures are extremely complex and 
have been the subject of extensive investigation 
and disputes as to their exact character. The 
composition of most oils subjected to cracking 
is only incompletely known, and it is difficult 
to trace the exact mechanisms leading to the 
formation of observed products. Dehydro- 
genation reactions occur, carbon to carbon bond 
rupture, and cyclisation and condensation re- 
actions take place mvolving the primarily 
formed olefins and cyclic compounds. The for- 
mation of low-boihng paraffins and olefins has 
been attributed to the rupture of central carbon 
to carbon bonds in paraffins whereby, eg., 
approximately equal amounts of hexanes and 
hexenes woyld b© formed by cracking a dodecaue. 
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Table XIX — Typical Pboduct Quality of Catalytic Aviation Base Stocks (Commercial 

Operations , Synthetic Catalyst). 



J’arailimc feed stocks 

Naphthenic feed stocks 

Type of operation 

Single-stage* 

1 W (J 
stage 

Single-stage 

Temperature level 

Low' 

High 

Hydro- 
genation * 

High 

Low' 

High 

High 

Feed stock . 








Sp Kr 

0 S4 1 .J 

0 .^413 

0 S443 

0 8735 

0 8560 

0 8783 

0 8783 

API gr 

8(5 7 

30 1 

30 1 

30 5 

33 8 

29 6 

29 6 

Aviation gasoline 



1 





Sp gr 

0 7332 

0 7531 

0 7450 i 

0 7475 

0 7479 

0 7555 

0 7741 

A P.I gr 

01 5 

50 4 

58 2 1 

57 8 

57 7 

55 8 

51 3 

Reid vapour pressure, lb 
Sulphur, % by weight 

7 0 

7 0 

0 8 

70 

7 0 

0 0 

0 9 

0 02 

0 03 

— 

0 03 

0 03 

0 03t 

0 03t 

A STM distiUation, ‘’o h}, 








volume over at : 








75°c ; 167 °f 

33 5 

34 5 

28 5 

31 0 

20 0 

28 5 

24 0 

lO.'j'c , 22 I°f 

01 0 

50 5 

54 0 

55 0 

53 0 

55 5 

46 5 

, 275°]- 

H4 5 

80 0 

81 5 

77 0 

77 5 

85 0 

75 0 

145"(J , 2<J3°F 

91 0 

00 0 

91 0 

90 0 

88 5 

92 7 

91 4 

Find point, , ®f 

Octane number 

IfiO ; 332 

161 , 322 

' 159 , 318 

159 , 318 

163 , 320 

159 , 319 

160 ; 320 

A S T M without addition 








of T E L § 

A S T M. . plus 4 ml T F L 

81 0 

82 7 

80 4 

83 2 

81 5 

' 81 7t 

80 6t 

per gallon 

03 3 

91 7 

1 98 2 

96 5 

94 9 

92 6t 

97 4t 

1 


* Shows liiKh-teniperatuic gasoline Irom column 2 after hydrogenation 
|- Inspected on iientane-lrce basis 

X Jlatod with iientancs added for 7 lb Held vapour pressure 
§ Tetraethyl-lead 

Olefin foimation has also been explained by the Aromatic hydrocaibons play an important rolo 
direct splitting of hydrogiui from paraffins, and m (racking Their mam reactions involve dc- 
aromatic formation by the extensive dehydro- alkj^Ution with splitting off of long side cliains 
gonation and ultimate eyclisation of aliphatic and condc'nsatioii of primary radicals to produce 
chains and the dehydrogenation of naphthenes paraffins, olefins, and aromatics with alkyl sub- 
Overall cracking reactions are moderately en- stituent groups of low molecular weight. Con- 
dothermie, which may indicate the predominance densation reacdions oc‘cur between different 
of endothermic deliydrogenation and aroma ti- aromatics and between aromatics and olefins 
sation reactions over exothc'rmic reactions of The polycyclic; condensation products formed 
polymerisation and alkylation With increasing from simpler aromatics account for the ultimate 
molecular weight, paraffin hydrocarbons undei- formation of asphaltic compounds and coke.®® 
go more carbon-to-carbon- bond splitting and less The factors involved in the cracking process 
clehy drogenation At sutficiently high pressuies, which determme yields and cpiahties of products 
sonic alkylation of isoparaffins with olefins may are. (1) the typo of oil cracked, (2) tempera- 
occur even in the absence* of catalysts Isomc*r- ture , (3) pressure; (4) time; (5) catalysts, 

isation of paraffin hydrocarbon is unlikely ‘m The charactei of the oil (‘harged exerts a marked 
strictly thermal cracking ®® influence on the properties of cracked products 

Olefins produced as primary products of crack- The relative proportions of the different hydro - 
ing undergo polymerisation at lugh temperatures carbon groups that are present, and their mutual 
and pressures. At reduced pressures some de-* influence on each other under cracking conditions, 
polymerisation may oc cur, and m extensive determines to a largo extent the composition of 
cracking olefins primarily formed may be either the gasoline produced and the suitability for 
dehydrogenated to diolefins or decomposed to recrackmg of the heavier products. The relative 
diolefins and paraffins Cychsation of olefins proportions and types of paraffins, naphthenes, 
may lead to the formation of naphthenes and and aromatics in a primary charge vary with the 
ryc^o-olefins, or aromatic hydrocarbons.®® crude oil fiom which the charge is obtained. The 

Naphthenes containing six carbon atoms in the boiling-pomt range of the charge has a definite 
ling and having alkyl side chains undergo de- influence on the degree of cracking under a given 
alkylation and dehydrogenation to aromatics, set of operating conditions. Lower boihng-range 
The dealkylation takes place as a primary re- charging oils are more difficult to crack and 
action and dehydrogenation as a secondary require higher temperatures, pressures, and times 
reaction. Some eyeZoparaffins having short-chain for comparable yields of products. Thus a 
groups are stable in the absence of catalysts straight-run gasoline may reqmre temperatures 
High molecular weight alkyl groups undergo as high as 692-650°c. ( 1,000-1, 100 °f.) for its 
further secondary reactions with the formation cracking or reforming, while a fuel-oil residuum 
of paraffins and olefins Severe conditions may may be extensively cracked at temperatures of 
cause^some breakmg down of the eyeZoparaffin 427-482°c. (800-900°f.). A charging stock of 

wide boihng-range is more difficult to crack 




PETROLEUM. 


347 


successfully than one of narrower range, since the 
optimum conditions for the lighter components 
are considerably different from those suited to 
cracking the heavier portions of the oil. The 
boiling range of the charge determines the phase 
under which cracking occurs. If the tempera- 
tures employed are above the critical for the 
major portion of the hydrocarbon components, 
cracking will occur in vapour phase. Higher 
boiling oils will undergo decomposition under 
mixed phase conditions. No commercial crack- 
ing process operates completely under liquid 
phase conditions, since cracking produces low- 
boiling vapours and gases, and mixed phase 
conditions soon obtain. 

Temperature is the most important single 
factor in cracking. The rates of cracking are 
usually based on the production of gas and gaso- 
line, and many calculations have been made to 
obtain some definite relationship between crack- 
ing rates and temperature While some of the 
expressions developed are of interest in showing 
the order of the rate-increase with temperature, 
no expression is applicable to all cases. A 
temperature must be chosen at which cracking 
IS negligible for all stocks, and the temperature 
effects dissociated from the effect of pressure and 
time, which makes experimental confirmation of 
any equation extremely difficult. Between tem- 
peratures of 400° and 620°o. (750° and 1,150 °f ), 
numerous estimates indicate that the rate of 
cracking doubled for an increase of about 14°c 
(25°p.) in temperature Since the relative 
amounts of gas and gasoline produced vary not 
only with charging stocks but with temperature, 
pressure, and other influences, such statements 
should only bo considered as approximations. 
As the temperature rises, the rate of increase in 
cracking decreases. 

The effect of increased pressures on the rate of 
cracking and the character of cracked products 
IS complicated by the difficulty of dissociating 
pressure effects from the concurrent effects of 
other variables. As pressures are increased, less 
vaporisation occurs, and there is generally a 
lower yield of gaseous products. The use of 
super-atmospheric pressures in cracking plants 
permits the use of higher temperatures while 
maintaining mixed phase conditions, since at 
atmospheric pressure the constituents of a 
charging oil are cracked or vaporised and decom- 
position reactions occur mainly in vapour phase 
Higher pressures apparently favour the forma- 
tion of gasolines containing lower percentages of 
olefins, but this again depends upon the nature 
of the charging stock, since olefins are produced 
mainly from the paraffinic constituents. In a 
cracking coil charged at a fixed rate, higher 
pressure increases the time during which the oil 
IS at cracking temperature due to the higher ratio 
of liquid to vapour. Increased pressure is sup- 
posed to favour secondary polymerisation re- 
actions among primarily formed olefins, although 
many experimental data have been accumulated 
which contradicts this assumption. Condensa- 
tion reactions are favoured at high pressures 
since gasolines thus produced show generally 
higher percentages of naphthene hydrocarbons. 

Low pressures corresponding to vapour-phase 
conditions favour dehydrogenation and cyclisa- 


tion reactions, and hence formation of hydrogen, 
normally gaseous hydrocarbons and aromatic 
hydrocarbons. 

The time factor in cracking is an extremely 
complex variable to calculate. During passage 
of charging oils through a tube, vaporisation, 
cracking, and gas formation occur so that the 
total volume of the fluid stream progressively 
increases. Since the rate of increase is not 
strictly a linear function, the volume at a given 
point cannot be determined and the average 
volume 18 never the arithmetic mean of the enter- 
ing volume of charge and the outgoing volume 
of products. In commercial cracking- coils both 
temperature and pressure increase along the line 
of flow to further complicate computations of the 
time factor. Sufficient time is never given for 
reaching eqmhbnum at the given temperature 
and pressure, but a charging rate is adopted 
which yields the best quantity and quahty of 
gasoline tinder the chosen temperature and 
pressure of operation 

The precise effects of catalysts in cracking are 
even more difficult to assess than in many other 
catalysed processes of lesser complexity. Cata- 
lysts are employed both to permit the use of 
lower temperatures and pressures, and to modify 
the course of the cracking reactions so that pro- 
ducts of more desirable properties are obtained. 
Aluminum chloride was one of the first catalysts 
to be employed in the cracking process. This 
catalytic material produced gasolines containing 
minimum amounts of unsaturated hydrocarbons 
and composed mainly of paraffins and cyclo- 
paraffins. However, gasohnes of this character 
did not possess as high anti-knock values as 
those containing olefins and aromatics produced 
by strictly thermal cracking operations This 
deficiency m quality along with the costs of 
regenerating the spent aluminium chloride 
sludges ultimately led to the abandonment of 
the commercial process. 

Other catalysts employed in cracking have 
been various metals and metal oxides, par- 
ticularly ferric oxide. These types of catalysts, 
particularly the metals, cause rapid and ex- 
tensive decompositions which are difficult to con- 
trol. Coke deposits are soon formed and the 
catalytic surfaces are rendered inactive. None 
of the processes employing such catalysts have 
proved practical except those employing 
aluminum oxide. 

In a later development, certain typos of 
refractory silicate catalysts have been developed 
which combme stability under high temperatures 
of cracking and catalyst reactivation, and modify 
the extent and course of the cracking reactions 
to produce gasolines having higher octane ratings 
than those obtainable by the operation of the 
best non- catalytic processes. The firsb success- 
ful catalysts of this t 3 q)e were certain natural or 
activated aluminium silicates, particularly Ben- 
tonite and Montmorillonite (v. Vol. I, 663d). 

One of the major developments in catalytic 
cracking has been the production of synthetic 
catalysts of a refractory character consisting 
essentially of composites of precipitated silica 
and precipitated alumina, with the latter in 
minor proportion. The composites may be pro- 
duced either by simultaneous co-preoipitation of 
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hydrated silica and hydrated alumina, by 
separate precipitation and mixing, or by precipi- 
tating one component in a suspension of the 
other. Co-precipitation may be practised by 
mixing sodium silicate and sodium aluminate 
solutions in proper proportions and adding a 
mineral acid until the pH value is approximately 
6. A better method of co-precipitation is by the 
addition of ammonium chloride to a mixed solu- 
tion of an alkali metal silicate and alkali metal 
aluminate, or an alkali metal silicate and an 
aluminium salt. 

Several alternative methods of separate pre- 
cipitation and mixing of silica and alumina are 
employed. Hydrated silica is precipitated by 
the acidification of alkali metal silicate solutions, 
and hydrated alumina by the addition of am- 
monium hydroxide to aluminium salt solutions. 
The separately prepared hydrates can be mixed 
to form the composites, or the silica may bo 
separately precipitated, washed, and suspended 
in the aluminium salt solution after which 
hydrated alumina is thrown down by the addi- 
tion of alkaline reagents such as ammonium 
hydroxide The sihca-alumina composites are 
washed with water, weak acids, ammonium salts, 
or heavy metal salts to efiect the substantially 
complete removal of alkali metal ions. The 
water washing removes readily soluble salts, 
acids such as sulphuric or hydrochloric react 
with and dissolve alkali metal ions absorbed in 
or combined with the silica or alumina, and the 
bases in the ammonium or heavy metal salts 
displace the same types of ions. Subsequent 
heating drives out water, acids or ammonia and 
leaves small amounts of oxides of heavy metals 
if these have been a displacing agent The 
catalytic activity of silica-alumma composites is 
greater than the sum of the activities of the silica 
and alumina used alone, this being a definite case 
of joint promotional activity, coming under the 
heading of synergism. 

There are certain processes, most of them 
catalytic, which are used to increase the yield 
and quality of motor fuel from cracking. Gases 
from cracking plants contain substantial amounts 
of ethylene, propylene, and butylenes, although 
there are larger amounts of ethane, propane, and 
butanes. Catalytic processes have been de- 
veloped which synthesise high octane rating 
hydrocarbons from these by-products, which for 
a long time were utilised only for their fuel 
values. The synthetic hydrocarbons produced 
by these processes have higher anti-knock 
ratings than the cracked gasolines themselves, 
and consequently they increase both yield and 
quality of the motor fuel. At present the hydro- 
gen, methane, ethane, and ethylene in cracked 
gases ar^ used principally for fuel, but the pro- 
pane, propylene, butanes, and butylenes are ex- 
tensively converted to motor fuels or other pro- 
ducts. The reactions employed include poly- 
merisation, alkylation, dehydrogenation, and 
isomerisation. 

The gases from cracking as well as those from 
natural gas and petroleum gases are also used 
to make sjmthetic products other than motor 
fuel. E.g,, benzene is alkylated with ethylene 
to produce ethylbenzene, which is then dehydro- 
genated to styrene , for use in synthetic rubber 


manufacture. Both »-butane and n-butylenes are 
dehydrogenated to produce butadiene, another 
base material required in synthetic rubber 
manufacture. 

w- Butane is isomerised to t^obutane which is 
alkylated with olefins to produce wooctanes and 
other high anti-knock paraffin hydrocarbons. 
Isomerisation of pentanes and hexanes furnishes 
isopentane for aviation fuels, and branched cham 
hexanes of high anti-knock value. The de- 
hydrogenation of eyeZohexane and methylcycio- 
hexane present in selected petroleum distillates 
yields benzene and toluene in quantities 
separable by solvent extraction and azeotropic 
distillation. 

Polymerisation. 

! By forming polymers of the propylene and 
butylenes present in cracked gas mixtures, the 
yield of cracked gasoline based on the oil 
cracked is augmented by 2-3%. Of the normally 
gaseous olefins, isobutylene is the most easily 
polymerised and ethylene is the most difficult. 
n-Butylene and propylene are intermediate in 
their activity. isoButylcno in admixture with 
other gaseous olefins may be selectively poly- 
merised to form trimethylpentenes (principally 
the 2-2:3- and 2:2.4-compounds), which are 
readily hydrogenated to the paraffin hydro- 
carbons of similar structure which possess octane 
numbers from 95 to 100 Other processes are 
concerned with polymerisation of all the olefins 
present in cracked gases to produce gasolines 
having octane numbers from 80 to 82. The 
hydrocarbon mixtures most commonly utilised 
in polymerisation processes are those containing 
principally propane, propylene, butanes, and 
butylenes, which are obtained in stabilising 
cracked gasolines to reduce their vapour pressure 
to the usual specified value of 10 lb. Reid. A 
typical analysis of such a mixture obtained from 
the stabiliser of a thermal cracking plant is given 
in Table 


Table XX. 


Methane . 

Mol-% 

. . .110 

Ethylene 

... 60 

Ethane 

. . . 19-0 

Propylene 

. . . . 18-5 

Propane . 

. . . . 35 6 

Butylenes 

. . 6-0 

Butanes 

. ... 6-0 


Thermal Processes. 

The liqmd products obtained by subjecting 
cracked-gas mixtures to uncatalysed thermal 
treatment at temperatures of 471-593°o. (880- 
1,100°F.) under pressures of 800-1,000 psi.®® are 
not all formed by olefin polymerisation reactions. 
Such products contain, in addition to normally 
liquid olefin polymers, naphthenic, aromatic, and 
paraffin hydrocarbons. Pressures of about 1,000 
psi. produce more olefinic products, while the use 
of temperatures of 649-704®o. (1, 200-1, 300 °f.), 
and pressures under 100 psi. produce fewer liquid 
olefins and higher amounts of aromatics, owing 
to dehydrogenation and cychsation reactions. 
The thermal process is applied to paraffinic gas 
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mixtures which are first cracked to produce 
olefins in a pnmary operating stage, and then 
subjected to higher pressure in a secondary stage 
to effect polymerisation and condensation re- 
actions. In the poly -forming or gas reversion 
process, mixtures of propane, propylene, 
butanes, and butylenes are dissolved under 
pressure in a gasoline which is to bo reformed, 
and polymerisation of the olefins occurs dunng 
reforming, so that the reformed products con- 
tain thermal polymers. The reforming con- 
ditions are not severe enough to cause appreci- 
able cracking of the dissolved paraffins. 

Catalytic Processes. 

Catalysts which accelerate and control the 
polymerisation of normally gaseous olefins in- 
clude : (1) sulphuric acid; (2) sohd phosphoric 
acid ; (3) metal pyrophosphates ; (4) clays and 
fuller’s earths. 

Sulphuric Acid — Sulphuric acid of GO-70% 
concentration selectively absorbs isobutylene 


from bracked gas mixtures at ordinary or slightly 
elevated temperatures.®^ The sulphuric acid 
contains, in addition to the <er^.-butyl ester, a 
certain amount of feri. -butyl alcohol which has 
been assumed to exist in the form of an “ alk- 
oxonium” ion (C4H,OHi,+). The acid is then 
passed through a coil and heated to 100®o. 
(212®f.) to form diwobutylene and regenerate the 
acid. The dusobutylene hydrogenates to 2:2:4- 
tnmethylpentane, two-thirds of the isobutylene 
in the cracked gas mixture being converted to 
this i^ooctane. 

Fig 25 shows a plant flow for the selective 
polymerisation of isobutylene to dimer using 
“ cold ” sulphuric acid at temperatures of 20- 
35®c (68-95°f ). A mixture of four-carbon-atom 
hydrocarbons containing isobutylene, n-buty- 
lene, isobutane, and w- butane is pumped into the 
plant and mixes with recirculated acid contain- 
ing some tert. -hniyl alcohol. A rapid circulation 
is maintained in a primary water-cooled reactor 
after which the acid-hydrocarbon mixture 


Spent C4 



passes to a separator. The hydrocarbon layer 
from the primary separator passes to a second 
reactor where it reacts with recirculated acid 
from a final separator. Complete absorption 
of isobutylene takes place and the absorbed 
butanes and normal butylenes are removed and 
the acid layer is returned to the primary reactor. 
The acid layer from the primary separator is 
heated with steam in a polymeriser to form the 
dii5obutyleno and regenerate acid for the second 
reactor. The octane number of the diwobuty- 
lene mixture, which consists principally of 2-4.4- 
trimethylpentene-1 and 2:4:4- trimethylpentene- 
2, IS 84. 

In the “ hot ” sulphuric acid process a 65% 
acid IS used at temperatures of 88-93°c. (190- 
200°f.). The acid and the cracked gas mixture 
continuously react in a mixing device, and 
the transitory esters and alcohols formed by 
the interaction of butylenes and the acid are 
rapidly decomposed so that in effect olefin 
polymers are formed by true catalysis. The use 


of the hot acid polymerises all of the isobutylene 
and a portion of the w-butylenes, and while the 
octane number of the polymer products is shghtly 
lower (about 82), the yields from a given gas 
mixture are almost doubled. The yield and 
quahty of the polymers is subject to control by 
varying acid strength between 63 and 72%, and 
varying the temperature between 74° and 100°c. 
(166° and 212°f.). The completion of the re- 
actions usually requires between 10 and 15 
minutes ; during which rapid circulation of acid 
and hydrocarbon is maintained in the reaction 
zone. 

Fig. 26 is a flow diagram of a hot sulphuric- 
acid polymerisation plant. A charge consisting of 
butanes and butylenes is introduced into an acid 
recirculatmg line and pumped through a reactor 
cooler which prevents undue temperature rise. 
The mixture of acid and hydrocarbons is then 
passed into a reactor time-tank and then into a 
reactor separator in which a hydrocarbon layer 
and an acid layer form. A portion of the acid- 
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hydrocarbon mixture is recirculated, with*all of 
the acid layer, along with some fresh acid The 
hydrocarbon layer from the separator passes 
through a reactor product cooler and then to a 
final acid separator from which spent acid is 
withdrawn. The hydrocarbon layer is neu- 
trahsed with sodium hydroxide and debutanised 
The polymer and sodium hydroxide solution are 
then passed through a hydrolyscr time-tank for 
the breaking up of hydroly sable acid com- 
pounds ; the hydrocarbon layer from a hydro- 
lyser separator is passed through a second 


debutaniser and the polymers are distilled to 
recover a dimer product consisting of a mixture 
of octenes The yield of octenes is about equal 
to twice the isobutylene content of the feed stock 
when there is moie n- butylene than wobutylenc* 
present in the original stock, which is usually the 
case. 

The comparative results obtained in poly- 
merising butylenes with about 65% sulphurn 
acid at different temperatures is shown in 
Table XXL Comparing the effect of the acid on 
the same butylenes and butane mixture in the 



Fia. 26. 


first two columns, less polymer was produced at 
the lower tonqKjrature but the octane rating of 
the hydrogenated octenes was higher, indicating 
a more selective polymerisation of isobutylene 
to 2.2:4-trimethylpenteno At the two higher 
temperatures employed, all of the i^^obutylene 
was polymerised and 8-9 times the amount of 
normal butylenes, although the octane rating of 
the hydrogenated polymers averaged 99. 

“ ^oltd Phosphoric Acid,'^ — V. N Ipatieff and 
associates, working ni UniNcrsal Oil Products 
Company laboratories, disco\eied that phos- 
phoric acids and “ solid phosphoiic acid ” 


catalyse the poly ineiisation of gaseous olefinic 
hydrocarbons The 

mechanisms of the reactions are essentially the 
same as those winch take place when employing 
sulphuric acid At low' temperatures esters arc 
formed, and at high temperatuies they are 
decomposed to yield olefin polymers In poly- 
merisation plants operated as adjuncts to com- 
mercial cracking plants, sohd granular phos- 
phoric acid catalysts are employed which consist 
of a major proportion by weight of an acid 
approximating to the pyro-acid, H4P2O7, in 
composition and a siliceous material. In such 









PETROLEmf. 


Table XXI. — Comparative Efficiency, Cold- 
Acid AND Hot- Acid Poiamerisation. 



(’old 

acnl bo%, 
30-3 'ie 
(SO- 
05 1- ) 

1 

, ()5“o 

acid, 
SO (’ 
(170 F) 

11 

(>5*’o 

add, 

00"t’ 

(194°F) 

composition 
iifoBut\ lenc, ^’o l)> 




WClgllt 

n-Butylcnc, “o !>> 

Is 5 

is:, 

0 1 

weight 

2b 0 

2S 0 

20 (> 

ButillK'S, 1)> WCMght 

53 5 

53 5 

70 3 

Products 




i&oButvlcne, 

2 4 

0 

0 

w-But>Iencs, 

2(1 0 

r> i 

11 4 

Butanes, ”o 

53 5 

53 5 

70 3 

Polvnier, “o 
isoJhit\leiie pol>- 

17 5 

31 4 

is 3 

nienaed, 

w-But>lenes pol>- 

H7 0 

100 0 

100 0 

inerised, % ' 

'Fotal olefins fioly- 

5 0 

4() 0 

14 5 

nurised, 

37 5 

()7 5 

01 5 

(.'oinpomtion of pohinoi 




Octdies, 

7-) 0 

SS 0 

1)2 0 

Octane r.iting of ludio- 




g(‘nat(‘d o( teiK's 

1 00 0 

00 2 

Os s 


(oinpoMtcs, a laigc piopoition of the add 
present m the form of j)hos 2 )li()silicato eom- 
ple\es 

In the inamifaoture of such inateiials, p^no- 
phoaphoiie add and diatomaceoiia eaith an* 
niivod to a pas<-y eonaistcney and the paste is 


851 

extruded and out into short lengths. The 
paitules aie giadually heated to a temperature 
lH*tween and oOO'c (572° and 932°f ), and 
ticated with steam at about 300°c (.')72 °f.) to 
lehydiato the aeid to optimum composition.^® 
Such catalyst pai tides are used as filler in 
reaction chambeis through which olelin-contam- 
mg gases are passed at temperatures of 1,^0- 
2b0"(' (30()-r>tK)°F.), and pressures of 100-400 psi. 

Gases to be treateil with “solid phosphoric 
acid” (.ital;vst are lust puiified to lemove 
hydrogen sulphide, ammonia, and amines befoie 
coming in contact with the catalyst, since the 
(‘atalyst is poisoned by bases, and in conta(*t 
with it any hydrogen sulphide prc*sent com- 
bine's w’lth olelins to form meicMptans After a 
pc'riod of SCI VICO during which tlio catalyst be- 
! comes coated with cai bonac'cous deposits, the 
stream of gas is divc'ited to a chamber containing 
unused catalyst, and the spent catalyst is le- 
moved and leplaced ly frc'sh material 

Fig 27 shows the flow in a pol^ mei isation 
plant desigiu'd to pioduce polymer gasohm* 
from (lacked gases One to four reactors au^ 
used, depending upon the si7e of the unit, 
ciack(*d gas mi\tuio being admitted at a tem- 
perature of 1 li)-2()4°(’ (300~K)0 °f ). The tem- 
perature uses in the catalyst chambers due to 
the evotheimic character of the polymeiisation 
leaction. The Inpiid piodiicts.aio stabilised and 
the unpolymerised olelins i (‘turned to further 
catalytic treatment Fom to nine gallons of 
gasoline can bo obtained p(‘r thousand cubic feet 
of g«is. depending upon its olefin content. 



The operating conditions and yields of pro- 
ducts from a plant similar in construction to that 
in Fig 27 operating upon a gas mixture obtained 
in reforming a Mid-Continent straight-run gaso- 
line are given in Table XXII Such a poly- 
merising operation produces maximum yields of 
polymer for blending with refinery gasohne and 
18 known as “ non-selective operation ” The 
process gas from the cracking plant stabiliser 
which contained 0 8% of hydrogen sulphide was 
first treated with sodium hydroxide solution at 
fi6°c (150°f ) to reduce the hydrogen sulphide 
content to below 0 01%. 


I In order to polymerise isobutylene selectively 
I to octene dimers with solid phosphoric acid, 
temperatures of the order of 150°o. (302 °f.) and 
pressures of 700 psi are employed in treating 
mixtures containing essentially only butanes and 
butylenes. When treating gases containing 
propylene and butylenes with sohd phosphonc 
acid catalyst, the octane rating of the polymer 
product 18 in general inversely proportional to 
the temperature employed, the yields of polymer 
following the opposite rule. By polymerising 
Isobutylenes with a hmited amount of n- 
butylenes, “ codimer ’* is produced, which when 
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Table XXII. 


Operating conditions : 


Pressure, psi. . . . 

160 

Temperature 

246'*o. , 

Inlet gas rate, cu ft. per hr 

3,520 

Outlet gas rate, cu It per hr 

Higher olefin content of inlet gas 

2,617 

propylene and butylenes, % 

24 4 

Higher olefin content of outlet gas 


propylene and butylenes, % 

97 

Olefin polymerisation • propylene 

• 

and butylenes, % . 

Liquid polymer production . gallons 

71 0 


per 1,000 cu ft 

3 6 

Properties of crude liquid polymer 


8p gr 

0 7121 

A P I. gr. 

67 2 

Oum, mg per 100 c c, (copper dish) 
Oum, ing per 100 c c (air Jet) 

51 

10 

Octane number (C.F.ll motor 


metliod) .... 

82 

Reid vapour pressure at 38''c 
(100®P ), lbs ... 

t 

10 6 

100 0 c AS T.M. distillation : 

°F 

Initial b p. 

34 04 

% distilled over . 


10 

70 153 

50 

102 215 

00 

167 333 

End point 

213 415 


hydrogenated yields “ hydroeodimcr ” whieh 
has nn octane number of about 92. In com- 
inoreial jiIantH, two difleront sots of operating 
eonditions are employed in the manufacture ot 


codimer. In one, a reactor inlet temperature of 
166®c. (330 ®f ) and a pressure of 500 psi. is 
employed, and in the other an inlet temperature 
of 182°c (360^^^ ) and a pressure of 1,100 psi 
Under the second set of operating conditions, 
more liqiud phase is present and a washing effect 
maintains catalyst activity for longer peiiods of 
time. Hydrocodimer consists principally of iso- 
octanes and is an important constituent of 
aviation gasoline blends During the Second 
World War, polymerisation plants originally 
designed for producing polymer gasoline have 
been operated at reduced temperature to pro- 
duce codimcr to be converted into aviation 
gasoline by hydrogenation. Since the war 
ended, most of these plants have returned to 
higher temperature operation which produces 
polymer gasoline by polymerising propylene and 
the butylenes present in C 3 , C 4 hydrocarbon 
fractions from cracking plants. 

Fig 28 shows diagrammatically the process 
flow in a plant for producing i^ooctancs from 
butanes The butanes are first dehydro- 
genated to butylenes, hydrogen is evolved from 
an absoiber using heav^y polymer as absorbent, 
and hydrocaibons boiling lower than butylenes 
are distilled from a succc'cding “ depropaniser ” 
Butylenes and unconverted butanes are distilled 
from the absorbent and passed to a polymeiising 
plant operated under proper conditions to pio- 



Fig. 28. 


duce i«ooctoncs. Residual butanes are distilled 
from the liquid products and recycled to the 
primary dehydrogenation step The i^ooetenes 
are distilled leaving heavier hydrocarbons as a 
residue and then converted to t^ooctanes by 
hydrogenation in the presence of nickel catalyst 
at a temperature of about 160°c. (320 °f.) and a 
pressure of 75 psi. 

woButylene is also polymerised to high mole- 
cular weight substances having rubber-like 
properties. This produces the commercial pro- 
duct known as “ VistaneXy'^ Which is formed by 
the polymerisation of twbutylene at low tem- 


peratures with boron tnfluoride “ Butyl ” 
rubber is a mixed polymer of about 08% wobiity- 
leno and 2% isoprene “ Vistanex ” cannot be 
vulcanised, although “ Butyl rubber is capable 
of vulcanisation The latter synthetic is highly 
resistant to deterioration by air, ozone, light, 
stiong chemicals and many oils and solvents, 
and 18 highly impermeable to air and other gases. 

Any ethylene present in cracked gases or 
fractions thereof is polymerised only to a minor 
extent in processes operated to produce gasoline 
polymers, as it forms relatively stable esters 
with both sulphuric and phosphoric acids. 
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However, some processes using other catalysts 
aie able to produce controllable high molecular 
weight substances such as '"Polythene." This 
material is a plastic which is usc'd as insulating 
mateiial on high frecpicnc^y c ables. “ Polythene ’ 
IS Ihemioplastic and can be leadily moulded by 
injection or by compression, or extruded to foim 
sheets, films, fibres, and tubc‘s. It is also used 
in making collapsible tubes for food and cos- 
metic s Ow ing to its unroacti\ e character, it is 
used in gaskets and battery parts It can be 
deposited as a waterproof coating by flame- 
spiaying oi fiom solutions, and it has \aluablo 
aclhc*si\e proj)eitic*s 

Metal Pyrophosphates — The pyrophospliates 
of copper, zinc, magnesium, and mercury, and 
the oithophosphate of cadmium can be usc‘d for 
polymerising normally gaseous olefins Com- 
mereially, the coppei compound is the only one 
employed. The ojierating jiroc'cclure is similar 
to that employed w'lth the sohd phosphoiic acid 
catalyst. 

(Uays and Fuller^s Earth — Granular ab- 
soi bents can be used to polymerise olefins and 
diolehns However, they aio not usc'd com- 
mercially for the produc'tion of motor fuel from 
the olefins in crac‘kc*d gas mixture's 

Gianiilai fullers earth has bc'cri used for a long 
time in lemoving dioletinie gum-foiming con- 
stituents fiom cracked gasolines In the Gray 
vapour-phase process, the vapours of api^roxi- 
mate gasoline boiliiig-range fiom the fractionator 
of a (.lacking jihint aio passed through sta- 
tionary beds of fullei’s earth to foim hcMvy 
licpud polymeis which are drawn fiom the 
treater In some cases, this treatment is 
aclecpiate foi the production of marketable 
gasoline diieet from the ciacking plant 

Polymerisation of olefinie gases to polymer 
gasolines has been brought about experimentally 
by c'ontact with ccitain natural and synthetic 
aluminium-silicates^^ The natural pioducts 
are bentonites and montmorillonitc's and poly- 
merisation can be brought about at moderate 
temperatures of from 1 50 to 250°c (302 to 482^"^ ) 
The synthetic mateiials are hydro-aluminium 
silicates or the c'ompositcs of silica and alumina 
used as cracking catalysts and arc made by 
combining major proportions of silu'a gels with 
alumina gels in various ways Prepaied silica- 
alumina eomjilex composed of about 10 parts of 
silica IS eftective at 105"c. (329°F ) and 700 psi 
pressure in producing a yield of about 35% of 
polymer from a mixture of butylenes. The 
regenerated catalyst, after buining off carbon 
deposits, shows highci activity than the fresh 
material and produces polymer in about 65% 
yield based on the butylenes treated. 

1)eh\ drooenation 

In the treatment of petroleum fractions to im- 
jirove their propertu's or convert them into more 
valuable products, dehydrogenation reactions, 
both thermal and catalytic, are of great impor- 
tance A certain amount of dehydrogenation 
occurs in thermal and catalytic cracking and 
accounts in pait foi the observed yields of olefins 
and aromatics By the catalysed dehydro- 
genation of butanes, the corresponding butylenes 
VoL. IX.~-23 


are produced, and by the further dehydro- 
genation of a-butylenes butadiene is foimed 
The catalytic dehydrogenation of ryr/oparaffins 
produce's the coriesponding aromatics so that, 
e ij , ben/ene is pioduc'od from ryc/ohexane and 
tcdiK'iie fiom methylryc/ohexane 

Dehydrogenation of Paraffins. 

Normally" gast'ous paiaffins comprising ethane, 
propane, and the butanes undeigo dehydro- 
genation in the absence of c'atal^sts at tempera- 
tures of 6()(l-70(rc. (1,1 12-1, 292"b ), although 
better yields of olefins are obtained when 
catatyst IS employed.'^- The commercial cata- 
lysts for dehydrogenating gaseous paraffin oi 
olefin hydrocarbons an' mixtuK's of aluminium 
oxide and chromium sescpiioxich' (Cr^Og) In 
such mixtures the chiomium oxide is in minor 
proportion, usually less than 12% by weight. 
Ihne chromium oxides aie less efficient since 
they are short livi'd Other oxuh's of the sixth 
group of the periodic system, such as molyb- 
denum oxides and tungsten oxides, aie effective 
and to a lesser extent oxides of vanadium, repre- 
sentative of the elements in the left-hand column 
of th(‘ lifth gioup Alunnna-chiomia catalysts 
aie highly selective in dehydiogc'nating the 
gaseous paiaffins at temperatuies within the 
lange of 450-750*^0. (842-1, 382 '’f ) at ordinaiy 
or slightly siijici-atmospheiic pressuies Highest 
yields of mono-olefins and minimum yields of 
by-products are obtained when the convi'rsion 
per pass is held below 30% and the um'onverted 
paraffin is recycled after sejiaiation oi the olefin, 
in commeicidl piactice, the catalysts are used 
for limited periods of time of about 1 hour, then 
deiarbonised by oxidising gas nuxtuics to re- 
activate them for furtln'r service. 

Jn catalyti(*ally dehydrogenating paraffins, the 
optimum tempeiature for olefin production is 
low"er as the molecular w eight increases E g , 
using alumina-chromia catalyst at atmospheric 
piessuK*, the best tempi'ratures for ethane are 
650-700''c ( 1, 202-1, 202°f ), for projiane 500- 

()50''c (1, 022-1, 202°f.), and for butanes 525- 
580"r (1)77-1,07()°f ) The optimum conversions 
per pass of the lower molee'ular weight paraffin 
hy droc'arbons have been given as follow's • 

Ethane 0 5 

Piopane ... . 28 2 

7i-Butane 52 3 

«.‘foButane 60 0 

Ah molcfular weight incrc'ases, laibon to (.aibon 
bond splitting increases .ind incieased amounts 
of decomjjosition produds are obtained 

The dehydrogenation jinx ess is employed 
commercially to irn reasc the olefins available 
for polymerisation to gasoline and for the 
alkylation of aromatics and i.soparaffin8. De- 
hydrogenation of butanes is employed to produce 
butylenes needed in the manufacture of iso- 
octanes, in the alkylation of i^obutano to form 
aviation alkylate, and for further dehydrogena- 
tion to butadiene The products are butylenes, 
hydrogen, unconverted butanes, and small per- 
centages of methane, ethane, ethylene, propane, 
and propylene By limiting the conversion per 
pass to 30%, ultimate yields of butylenes are of 
the order of 90%. 
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Fig. 29 shows the flow m the Univerfcal Oil 
Products Company butane dehydrogenation 
process The butane is heated to a tempera- 
ture of 510-538^0 (9r)0~l,0(K)‘^r ), and dehjdio- 
gcnation takes place during passage through a 
reactor containing alumina-chromia catalyst 
while the catalyst m a parallel reactor is under- 
going reactivation. The dehydrogenation pro- 


ducts undergo heat exchange with the charge 
and are washed with oil in a gas scrubber. 
Dehydrogenating leactions are endothermic and 
the reactors are of the heat exchanger t^pe with 
heat being transferred from the catalyst in the 
reactor undergoing regeneration to the pio- 
ccssing reactor by means of a circulating fluid 
such as flue gas or a molten salt mixture 


RcactorG 



The priiK ipal data obtained iii dehydro- 
genating two gas mixtures are shown in Table 
XXlll’*** One mixture was pniuipally n- 
butane and another was principally i^obutane 

Tatile XXI 1 1 



w-Jiutaiio 

tsoHut.uic 

Space velocity, per 
hour . 

Average temperatuio of 

1,450 

1,320 

catalyst, “(’. ; ‘'r 

531 ; 987 

538 , 1,000 

Inlot piessuro, psi 

52 

(»0 

Outlet pressure, psi 

Inlet gas . 

18 

5 

Composition (mol. %) 



^3^8 

1 0 

4 0 

t50-C^HjQ . 

]()7 

77 1 

n-C^HiQ 

Outlet gas . 

82 3 

183 

Composition (mol ^o). 



H, . . . . 

18 1 

18 4 

CH 4 . . 

C.H. and C.H. . 

1 7 

1 8 

0 19 

— 

C,H, . . 

09 

1 2 

CjHa . 

1 5 

44 


3 2 

13 3 

. . . 

17 0 

34 

C 4 H 10 . • • 

Conversion (mol C 4 Hg 

50 7 

57 5 

converted per 100 



mol. C 4 H,q charged) 
Efficiency (mol. C 4 HQ 
per 100 mol. C 4 Hiq 

28 1 

24 9 

converted) 

Yield per pass (mol. 

910 

88 0 

C 4 Hg per 100 mol 
C 4 H,o charged) . . 

26 0 

21 8 


The gas mixtures wxtc passed over alumina- 
chromia catalysts at the tempcratuies and 
pressures indicated, and the yields of 20 0 and 
21 8% of butylenes were obtained in the two 
runs with conversion efficiencies of 91 and 88% 
respectively Kei’ycling of unconverted butanes 
gave ultimate butylene yields of 86%. 

Diolefins from Paraffins or Mono- 
olefins. 

By further dehydrogenation of mono-olcfins 
pioduced in dehydrogenating paraffins, satis- 
factoiy coinmcTCial yields of diolehnic hydro- 
eaibons are obtained. Thus, normal butylenes 
resulting from the dehydrogenation of normal 
butane may react in a second process stage 
with a dehydrogenating catalyst to produce 
yields of butadiene of around 26% losing 
alumina-chromia catalyst, a temperature of 
580°c. (1,175 °f.), pressures of one-tenth to one- 
fifth atmospheres absolute, and a space velocity 
of 400-6b0 are employed By recycling of un- 
converted butylenes, ultimate yields as high as 
75% are obtainable.’® 

As a variation of this two-stage jirocediire, 
butadiene is produced in a single-stage with 
recycle of a separated mixture of butanes and 
butylenes, this procedure requiring inter- 
mediate temperatures between those optimum 
for mono-olefin production from paraflins and 
those best smted for producing diolefins from 
mono-olefins Higher efficiencies are obtained 
when higher per cents of normal butylenes are 
present in the mixture in contact with the 
catalyst. In the single-stage process, absolute 
pressures from 0*25 to 0-33 atm. are commonly 
maintained. 

In the Houdry process for manufacturing 
butadiene by dehydrogenation of butane, 
catalysts of the alumma-chromia type are em- 
ployed and a butane-butylene fraction is 
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recycled after separation of butadiene,’® The 
reactors utilise the adiabatic principle, storing 
heat produced in the rc'generation cycle in an 
inert iiiatorial mixed uith the catalyst and 
releasing the stored heat to the reacting hydro- 
carbons in the dehydiogeiidtion period. Tem- 
peratures of 565-593°c (1, 050-1, 1()0°F.) and 

absolute pressures of about 2 5 psi. are used. 
Composition of the charge to the dehydro- 
genating reactor, the composition of the pro- 
ducts from the unit along with the temperature, 
pressure, and charge rate are shown in 

Table XXIV. 

Table XXIV. — Houdry Single-Stage 
Butadiene Process. 

Operating conditions 
Catalyst temperature 1,070 °f 

(average) 

Pressure, inches Hg. 

abs. . 4 9 

Charge rate, space 
velocity * . . . 2 7 

Yields, % weight * C'liarfio Product 

Cg and lighter . 2 2 3 7 

t^foButano . 0 9 19 

250 Butylene . 2 1 2 5 

w- Butylene 23 1 23 1 

w-lbitano 67 0 53 3 

Butadiene 3 8 12 7 

Cr, plus . 10 9 17 

Coke . . .1 — 12 

I 100 0 100 0 


• Volume of gas per volume of catalyst space per 
hour 


A simplified flow chart of the single-stage unit 
IS shown in Fig 30 

The 74-butane is preheated in a furnace along 
with the uncon vei ted butanc'-butyleno cut re- 
cycled from the butadiene extraction unit. The 
catalytic battery comprises six reactors, although 
it could be built with three reactors of same total 
capacity. 

After passing through the catalyst bed the 
hydrocarbons are cooled by direct spraying with 
oil, compressed, and sent to a vapour recovery 
system of conventional design where a cut of 
butadieno-butyleno butane is obtained. Buta- 
diene is extracted and purified by solvent or a 
combination distillation-solvont extraction, and 
the remaining “ B-B ” cut returned to the pro- 
cess as recycle stock. 

Isoprene is producible from 25c>pentano, %8o- 
pentenes or their mixtures ” Using the 
alumina-chromia catalyst at temperatures of 
615-660°c. (1,1 39-1, 220°f ) and sub-atmosphoric 
pressures of the order of 80 mm. of mercuiy 
absolute, overall recycle yields of 94 4% by 
weight of isopieno arc obtainable from iso- 
pentane, 96*8% from a 50 50 mixture of iso- 
pentane and i5opontene, and 97*1% from pure 
i5openteno. 

In one application of dehydrogenation pro- 
cesses ethylbenzene is converted to styrene, the 
hydrocarbon which is co-polymensed with 
butadiene to make synthetic lubber for tyres. 
Some processes use no catalyst and merely crack 
the ethylbenzene vapours to make moderate 
yields of styrene. In one commercial process 
the ethyllienzcne vapours are cracked at 700°c 
(1,382 °f.) at substantially atmospheric pressure 
In another non-catalysed process, ethylbenzene 
vapours mixed with superheated steam are 
cracked to produce styrene at lorn porn turcs of 
the order of 700°o. (l,400°r) to obtain a yield 
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of about 55% based on the charge Another 
process uses 3 mol of superheated steam per 
mol. of ethylbenzene, a temperature of 650°r 
(1,200°f.), and a magnesia-potassium oxide 
catalyst. When using alumina-chroraia cata- 
lysts, temperatures of 600-700°c. (1,112- 

1,292°f.) and sub -atmospheric pressure, ultimate 
recycle conversions as high as 91% are obtain- 
able commcicially 

Production of Aromatics by Dehydro- 
cyclisation. 

Dehydrogenation of hydrocarbons containing 
SIX or more carbon atoms in straight-chain 
arrangement under mild conditions of time, 
temperature, and catalyst activity can be used 
to produce mono-olefins and diolcfins without 
much alteration of molecular structures in the 
direction of cyclisation More severe conditions, 
including higher temperature, longer time, and 
more active catalysts result in formation of 
aromatic hydrocarbons by cyclisation reactions 
Thus, substantial yields of hexenes and hexa- 
dienes, with small amounts of benzene, can bo 
produced from w-ho\ano under certain conditions 
of operation, and major yields of benzene, under 
conditions of increased seventy At 550°c 
(1,()22"f ), using a catalyst consisting of 92% 
by weight alumina and 8% by weight chromic 
oxide, the recycle yields of toluene produced 
from ?i-hcptane are shown in Table XXV 
The yield ot the toluene went through a maxi- 
mum of 79 5% weight of the theoretical at a 
liquid space velocity of 0 78. A maximum onco- 
through yield ot 72% weight of the theoretical 
was obtained at a iKpiid space velocity of about 
0 39. 

Table XXV. — Toluene Recycle Yields. 

Liquid Mpucc ve- 
locity (voluino 
per volume 
catalyst piT 

lioui) ()0:U 0 195 0 3S5 0 78 5 00 10 00 

Toluene lecvclo 
Yields, vvclKht 
% of tlico- 

retlcal 05 7 72 7 78 8 79 5 62 2 60 0 

Dohydrocyclisation of aliphatic hydrocarbons 
to produce aromatics is practised commercially 
in several processes. In the “ cycloversion ” 
process, naphthas from thermal cracking react 
with a catalyst at temperatures of 482-538°c 
(900-1, 000°F ), the naphtha vapours being mixed 
with steam to i educe the partial pressure of the 
hydrocarbons..®® In the “ hydro-forming ” pro- 
cess, straight-run or cracked naphthas are 
vaporised and mixed with hydrogen before 
coming into contact with dehydrogenating 
catalyst The hydrogen servos to lessen 
carbon deposits on the catalyst without unduly 
suppressing dehydrogenation roactwnSi When 
using selected fractions containing cyr/ohexane 
and methylcyciohexane, benzene and toluene 
result from the dehydrogenation of cyc/oparaflfin 
rings Aromatic hydrocarbons are recovered 
from the products of naphtha dehydrogenation 
processes by solvent extraction and subsequent 
fractionation of the extracted material. 

Aromatics are also produced by the dehydro- 
genation and cychsation of mono-olefins, di- 


olefins or acetylenes, provided that in all cases 
there are six carbon atoms present in hnear 
arrangement. The same catalysts employed in 
the dehydrogenation of gaseous paraffins can be 
employed in the production of aromatics from 
these higher ahphatics. 

Toluene from Petroleum. 

By using a fi action of petroleum boiling within 
the lange 93-1 2 l°c (200-250 °f.), which has a 
high methylcycZohexane content and treating 
it with dehydrogenating catalyst in the presence 
of hydrogon( hydro-forming), a product contain- 
ing 40-60% aromatics, of which 15-20% is 
toluene, is produced. The aromatics are sepa- 
rated by solvent extraction and accurately 
fractionated to produce toluene of high purity 
suitable for nitration 

Alkylation. 

Synthetic processes are now in operation 
in the petroleum industry which involve the 
addition of alkyl groups to aromatic, naph- 
thenic, and Isoparaffin hydrocarbons to produce 
products having improved motor-fuel charac- 
teristics or special properties adapting them 
to other uses In both cracking and treat- 
ing certain alkylation reactions occur, but in 
mixtures of large numbers of hydrocarbons of 
varying structure and reactivity there is at 
present little possibility of separating and identi- 
fying the products All alkylation reactions are 
exothermic and m practice provision must be 
made for disposing of the heat of reaction 

Aromatics. 

The oil industry has both olefins and aromatics 
as products of cracking and dehydrogenation, 
which can bo used in tlie manufacture of al- 
kylated aromatics This typo of reaction has 
been established for some time and can be 
brought about without the use of catalysts at 
temperatures of 400-500°o. (752-932 °f ), under 
high pressures of the order of 1,000-2,000 psi 
One of the important products of aromatic 
alkylation is ethylbenzene for dehydrogenation 
to styrene used in the manufacture of synthetic 
rubber Another product of aromatic alkyla- 
tion IS Isopropylbenzene (cumene), which is made 
by alkylating benzene with propylene either 
thermally or in the presence of a catalyst.®® 
This compound has anti-knock properties con- 
siderably above that of the standard isooctane 
and IS used as a component of aviation-fuel 
blends During the Second World War the 
British plants produced a high octane rating 
hydrocarbon mixture consisting principally of 
sec.- and ferf.-butylbenzone winch w^as called 
“ Victane ” Naphthalene is alkylated with 
liquid olefins obtained as a product of cracking 
paraffin w^ax to produce additives for lubricants 
which act as pour-pomt depressants. 

The alkylation of aromatic hydrocarbons with 
olefins may employ several alternative catalysts 
among which are alummium chloride and other 
chlorides of metals such as zirconium, tantalum, 
and zinc, and mineral acids such as sulphuric and 
phosphoric acids. Benzene may be alkylated 
with olefins in the presence of hydrogen 
fluoride.®^ 
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Commercial processes are in operation wherein 
benzene is alkylated ^vlth ethylene to make 
ethylbenzene, and with propylene to make iso- 
propylbenzene (cumene), using the solid phos- 
phoric acid catalyst employecl in the polymeri- 
sation of olefins in the gas mixtures from crack- 
ing, reforming, and dehydrogenation processes. 
In alkylating benzene with ethylene m the 
presence of this typo of catalyst, temperatures 
of 275-294°c (525-5()0“f ) and iircssures of 600 
psi are employed, while more moderate con- 
ditions of 205°c (400'^’f ) and 400 psi are used 
when alkylating with propylene 

isoParaffins. 

Reactions of still greater importance to the oil 
industry and related ehernical industries involve 
the alkylation of isoparaffin hydrocarbons 
Normal paraffins are much more difficult to 
alkylate than their isomers, Frey has reported 
the reaction of propane and ri-butaiie with 


ethylene and propylene under severe tempera- 
ture and pressure conditions, and indicated the 
formations of small amounts of pentanes, 
hexanes, and heptanes V N Ijiatieff ancl 
H. Pines, working in rniversal Oil Pioducts 
Company laboratoiies, VNcre the first to alkylate 
paraffins with olefins catnlyticall) Early com- 
mercial processes involve the alkylation of 150 - 
butane with normally gaseous olefins to produce 
liquid Isoparaffin hydrocarbons having high 
anti-knock ratings. Ikith thermal and catalytic 
processes have been developed for this reaction, 
the thermal process requiring lelatively high 
temperatures and piessures, while those employ- 
ing vaiious cntalvsts operate under less severe 
conditions Processes for the alkylation of i5o- 
butano hav^e seveial advantages over methods 
for isooctano manufacture involving poly- 
merisation of normal and iwbiitylencs and 
hydrogenation of the mixtuic of dimers. In con- 
trast to polymerisation and hydrogenation, the 
alkylation process is single-stage. Rased on the 



volume of Inpiid butylenes employed, from 150- 
180% yield of alkylate consisting predominately 
of i50octancs is produced in commercial instal- 
lations. In addition to alkylate, seveial per 
cent of pentanes are produced Alkylation with 
w-butylenes gives a mixture of octanes having 
about 95 octane number, while alkylation with 
Isobutylenes gives a product having from 98- 
100 octane number 

Thermal Alkylation of /soButane. — 
When alkylating isobutane with olefins in the 
absence of catalysts, temperatures of the order 
of 600°c (932 °f.) and pressures ranging from 
3,000-5,000 psi arc employed, pressure being 
necessary to minimise decomposition reactions 
To avoid polymerisation of the olefins, a large 
molal excess of the isoparaffin is maintained 
In thermal alkylation, the products from ?5o- 
butane and ethylene (ontain large amounts of 
wcohexanc, which has an octane number of 94 
and a high susceptibility to improvement by the 
addition of tetraethyl-lead ??eoHexane is psed 
as an ingredient of aviation-fuel blends. 


Fig 31 shows the process flow in a plant 
designed for making ncohexane from isobutano 
and ethylene by thermal alkylation A food 
stock containing ethane, propane, and butane, 
obtained m the fractionation of natural gas, is 
cracked at temjieratuies of 760-8 (1,400- 

1,500'^f ) under pressures of from 5 to 35 psi. in 
a cracking furnace to produce a mixture con- 
taining considerable perrentagcis of ethylene. 
The cracked gas mixture is intioduced to an 
absorber m which a portion of the iwbutane feed 
18 used as an absorbing liquid, a solution of 
ethylene m i^obutane bc*ing collected on a 
centrally disposed plate and a gasoline fraction 
being recovered from the bottom of the absorber. 
Cracked products lighter than ethylene com- 
prising principally methane and hydrogen are 
released fiom the top of the absorber. 

The t»obutane-ethylene solution, with more 
isobutane added to furnish the necessary excess, 
18 pumped through an alkylation furnace at a 
temperature of 600-525°c (932-977 ’f ) under 
pressures of 3,000-5,000 psi. The products from 
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the alkylation zone are fractionated to recover ethylene, according to column 2, gave 6 26% of 
ncohcxane, to separate propane and ethane, and 2*2-dimethylbutane and 2 6% of other hexanes, 
to furnish unreacted wobutane for recycling. both normal and branched. The -alkylation of 
Typical data on conditions of operation and i^obutane with wobutyleno, according to the 
products of thermal alkylation are given in data in column 3, at 8,000 psi. and 486®c. 
Table XXVf. Column 1 shows that the alkyla- (OOT'^f ) gave about 1% of octanes and the same 
tion of propane with ethylene produced 6 2% of percentage of octenes, indicating polymerisation 
t^opentane and 0 81% of branched chain of t^obutylcne occurring along with the alky la- 
hexanes. The alkylation of isobutanc with tion of the i^obutanc. 


Table XXVf.— I^roducjts formed hiom pAR4FFiy-Or-LFiN Mixfi^res under 
Till UM\L (’ONDITKJNS * 


Reactants, % 

/C,H„ 8 9 
IC 3 H,. 91 1 

CjH,, 11 8 

88 2 

?«o-C 4 Hg, 8 2 

KS 0 -C 4 H 1 Q, 91 8 

Pressure (psi ) . 

4,r)(H) 

4,500 

8,000 

Temperature °o ( "f ) ... . 

610 (<Xj0) 

515 (959) 

486 (907) 

Gasoline yield based on total products 
Analysis of products : 

11 2 

118 

2 9 

cK \ ■ 

0 004\ 

0 716/ 

0 55 

0 12 

.... 

1 23 

1 72 

0 05 

C,Hg 

0 53 

071 

0 04 

C,H, ... 

0 16 

0 60 

0 19 

CjHs .... 

84 40 

0 76 

0 05 

... ... 

02 l\ 

0 80/ 

2 04 

4 10 

^ 6 “l 0 • • 

0 70 

0 29 

78 77 

0 29 

92 36 

0 20 



Vi'e^ia • • ... 

6 20 \ 

1 82/ 

0 73 

0 11 

0 22 

0 77 

0 05 

2 2 -l)imothylbutano . 
2.3-Diinethylbutano 

1 0 81 

() 2 (i 

1 

1 0 08 

2-Methyipentane . 

w-Hoxano 

V 2 (>0 

J 

J 

C,Hu 

0 20 

0 36 

0 10 

C 7 H 10 . . . . 

1 12 

0 61 

1 13 

ChH„ ... 

0 12 

0 47 

1 01 

^8^18 • 

0 37 

1 89 

1 05 

C^l to 200’('. (302 "f.) \ 

Abo^o 392"F. J ’ • 

0 10 

f0 721 

19 15/ 

0 36 

Total 

100 00 

100 00 1 

1(KK)0 

Cot/ij 

postiion of Liquid 1 

^roduct.9. 


Analysis of iKpiid products 1 



1 

^5*^10 • j 

2 6 

1 9 

j 6 5 

tso-CjHij . . . . . . 1 

n-C.H„ .... 

C,H„ . ! 

1 65 n 

i 16 2/ 

50 

1 3 6 

1 9 

5 2 

1 1 6 

2 2 -l)imothylbutane . 1 

2 3-Dimothylbutane . I 

I '' 

42 1 


2-Mothylpentano 
n-He\ano .... 

V 17 5 

} .e 

J 

C 7 H,, 

1 8 

2 i 

3 2 

.... .... 

10 0 

4 1 

4 2 



1 0 

3 2 

32 7 

CsH„ ... 

3 3 

12 7 

34 0 

C 9 + to 200\'. (3»2 "f ) "I 

Heavier / 

1 0 

{!?} 

11 6 

Total 

100 0 

1000 

100 0 


• All percentages arc by weight 





PETROLEUM. 


359 


Catalytic Alkylation of ihoButane, 

1. Sulphuric Acid,^^ — f^oButane is alkylated 
with butylenes in the presence of sulphuric acid 
of 90-100% concentration. Low temperatures 
of about 0-10*^c. (32-50 °f.) are used to reduce 
the oxidising tendencies of the acid, w Inch suffers 
some losses even under these conditions, because 
of the formation of addition compounds with 
the olefin and hydrocarbon oxidation products. 
About 1 lb of acid is required for producing 
1 gallon of alkylate. Yields of alkylate from 140 
to 180% by volume of butylenes are obtained. 

Fig 32 shows the process flow in a plant for 
alkylating t^obutane with butylenes using sul- 
phuiic acid catalyst.®® The charge to the plant 
may be a mixture of i^obutane and butylenes 
from a thermal reforming, thermal cracking or 
catalytic cracking plant, or a plant in which 
nornicil butane is catalytically dehydrogenated. 
160 Butane is added so that it is iii considerable 
mulal excess over the butylenes duiing alkyla- 


tion. It is customary to mnintnin a ratio of 4-5 
mol. of i^obutane to 1 mol. of olefin in the re- 
action zone. Higher octane number products 
result when higher ratios are maintained. Best 
results are also dependent upon the use of largo 
volumes of sulphuric acid in proportion to the 
hydrocarbon mixture. The required amount of 
idobutane may be produced by isomorising 
n-butano, or may bo shipped in from other 
refineries or natural gasoline plants. The acid 
and hydrocarbons are thoroughly mixed in the 
reactor to form an emulsion. The mixture is 
passed to a settler from which a certain amount 
of spent or waste acid is withdrawn, and the 
balance recycled among with make-up acid to 
counteract the loss. A rapid cii dilation botw ecn 
the settler and the reactor assists in producing 
intimate contact between the catalyst and the 
hydrocarbon. The hydrocarbon kiyer from the 
settler is passed to a fracdionator fiom which 
i^obutane is separated ami letinned to the 


I^obutnnn 



Fig 32. 


reactor along with fresh diargo. After removal 
of the i5ohutane, the alkylate passes to a de- 
butaniser to recover n-butano. The aviation 
alkylate fraction is finally recovered from a 
1 e-run tower from which high boiling alkylated 
products are withdrawn as bottoms. 

Commercial data on alkylation of olefins 
with sulphuric acid catalysts are given in 
Table XXVII. The olefins employed were. 

( 1 ) A propane- propylene fraction from cracking , 

(2) a butane-butylene fraction from a cracking 
process , and (3) a residual butane-butylene 
fraction from the polymerisation of a mixture of 
butanes and butylenes to make octene dimers 
for hydrogenation to octane The olefins in this 
last alkylating mixture were mainly n-butylenes. 
Yields of from 138 to 180% of total alkylate 
hosed on the volume of the olefin used were 
obtained. A temperature of 29*^0. (85®f.) was 
used m the first alkylation’ with propylene, and 


temperatures of 0-10"c (32-50 '’f) were main- 
tained when alkylating with butylenes in the 
second and third runs. The highest octane 
number products and the higlu'st yields wore 
obtained with the butane -butylene fi actions 

2. Hydrogen Fluoride — Another catalyst 
which IS employed in alkylating i,sf;butano with 
butylenes is liquid hydrogen fluoride Since this 
compound boils at 20°(\ (()8°r ) under ordinary 
pressures, it can bo used as a licjuid at ordinary 
temperatures under slight super- atmospheric 
pressure It has no oxiciising effects on hydro- 
carbons, and the small amount of addition com- 
pounds it forms with olefins are readily decom- 
posed by moderate heating so that the hydrogen 
fluoride can Ik? iccovcred and used. 

Fig 33 shows the essential features in a plant 
using hydrogen fluoride for catalysing the alkyla- 
tion of t^obutane with butylenes. The charge is 
similar to that used when employing sulphuric 
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Table XXVII. — Alkylation or t^oBuTANE with Representative Refinery Olefin 

Feed Stocks 



1 

C3 fraction from 
c lacking 

2 

C4 fraction from 
( rac king 

Kcsidiial C4 fraction 
Irom <soc)( t.iiK* 
manufacture* 

Olefin feed stock (% by weight of i 1 

olefin) 

:$() (a) 

48 (h) 

24 (0 

i/ioFaraffln used 

i^obutane 

Lwbutanc 

isobiitane 

Mol ratio of 2 .<»oparaffln to olefin 

8 

r. 

5 

1 Make-up acid strength, % by wcught ill 

of sulphuric* acid 

98-100 

98-100 

98- 100 

Volume ratio of acid to hydrocailion 

1 

1 

1 

TemfH*raturo 

20' c* , HYh 

0 10 c* ,32 .50 I 

0-1 (Fc , 32 -.50 1 - 

Contact tunc*, minutes . 

20-40 

20 40 

20-10 

1 % by volume of total alkvlate bas(‘d ' I 

on olefin in fc*cd 

138 

1.58-lf)b 

168-180 

Aviation fraction (end point, 14fV\' , 




300'^f ) in total alkylate, % 

92-9.5 

88- 00 

80-91 

Pro})( rtiPH of Products 



Properties of lota! alkylate* (Cj-free) 




Spgr 

0 6950 

0 70.50 

9 70.50 

A P I. gr 

72 1 

(»9 2 

69 2 

Octane No (A S T M K H ) 

88 0 

01 5 

92 5 

A.S T.M. distillation 

^(1 

'’r ' F 

•'(' 

Initial b p. 

67 1.52 

40 120 

47 117 

10% jioirit 

82 180 

88 1 82 

84 1 83 

r)0% point 

90 194 

10(> 222 

107 22.5 

')()% point 

133 271 

131 2()7 

121 250 

Fnd point 

197 387 

206 403 

102 878 

Properties of 14(rc’ (.300' i* ) end 




point fraction 

Oc*tane No (A ST M (' F H ) 

89 

02 

93 

r\{)% point 

88 190 

lot 220 

105 221 

Held \apour prc'ssure, [isi 


i =>•' 

1 

3 0 


(</) \\lth ini\(‘(l Cg aii(i C4 /ractioim, matcrialh latter 11 suits .in obtaiind 
(/>) About 1 S‘\, »sol)Ut> IciK* present 
(e) LaiKth l)UtNleiie-2 


acid (atalyHt, and is ihixcmI \vith li(juid liAdiogcii 
fluoiido in a icaetor under about 100 psi. at a 
t(‘mp('ratuic of 3S"c (lOtTp ) The products are 
passed to a settler Iroin \Nlneh a portion of the 
mixture of hydiogen lliioiide and li\drocnrbon 
IS reeirc ulated to the reactor, and anotlioi portion 
is passed to a roeovei) svstc'm wherein alkyl 
lluotide products aie heated to roeoxcr the 
hydrogen fluoride and olefin Tlio h\drocarbon 
la>or fiom the settler is passed to a fractionator 
to separate hydrogen fluoride for re-use in the 
piocess. The hydrocarbons from the frac- 
tionator are passc'd to a deiwlmtaniser from 
uhieh i.wbutane is distilled and ri'c’veled to the 
leaetor. Tower bottoms are passed through a 
solid absojlient in a treater to remove traces of 
Huorule n-Biitane is next removed and the 
alkylate is distilk?d to pioduce aviation alkylate. 

3 Aluminium ChlornU ' — Alkylation of iso- 
butane with ethylene in the presence of alumin- 
ium chloride-hydrogen cliloride eatahst pro- 
duces an alkylate which contains as a major 
component 2. 3 -dimethyl butane m contrast to 


the 2.2-compound, or acohexane, produced in 
thermal alkylation.®- The use of aluminium 
chloride as a catalyst in the alkvlation of iso- 
butane with olehns requires considerable excess 
of the Lvoparaffin, and low temperatures around 
O'c (32 °f ) to lessen the tendency towaid 
polymerisation of the olefins and the formation 
of addition compounds with the aluminium 
chloride 

It IS necossarv to the catal^Vtic aotnity of 
aluminium chloride to have minoi amounts 
(usually less than 10 mol %) of hydrogen 
chloride present Peifectly dry aluminium 
chlondo in the absence of hydrogen chloiide has 
low catalytic activity in alkylation reactions. 
Small amounts of moisture may generate enough 
hydiogen chloride to improve the catalytic 
action 

Other halide catalysts wdiieh can bo used 
in alkxlating nsoparaffins include aluminium 
bromide in the presence of h,\drogen bromide, 
boron fluoride, or mixtures of this compound and 
hydrogen fluoride. 
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Alkylation of e^fopcntano or i^ohexanes can be 
accompbfihed In the presence of eatal^sts used 
for alkylating i^obutane. Tlic conditions of 
operation will \ary ^Mth the molemlai weight 
and structure of both i^oparaflins and olefins 
All isoparaffin alkylations arc accompanied by 
var^ ing amounts of side reactions leading to the 
formation of lower and higher molecular weight 
paraffins The catalysed processes arc more 
selectno and produce smaller amounts of by- 
products. 

IbOMLUIS\TION. 

Isomerisation of the hydrocarbons in petro- 
leum gases and gasoline is jiractised for the 
purpose of producing hy’drocarbons of branched 
Htructuie whidi an' more reactive in syntlieses, 
or have intrinsic ally' higher octane ratings duo 
to their more condensed molecular structure 
The structures and octane ratings of ])araffin 
hydrocaibons having from 4 to 7 carbon atoms 


m the molecule are given in Table XLVI. 
The data confirm in all cases the beneficial 
effect of branched structure on knock ratings. 
Although the rules applicable to such relation- 
ships m other hydrocarbon groups are more 
complicated, the general rule that higher octane 
rating accompanies more condensed structure 
has few exceptions. 

In processes of commercial significance a 
catalyst is employ'cd to sjx'cd up paraffin isomeri- 
sation rates, aluminium chloride lieing chiefly 
employed Other ty'pes of catalysts have been 
tried for parafiin isomei mat ions, but none are 
competitive with aluminium chloride.®* Alumin- 
ium bromide is an effective catalyst but is ex- 
pensive, and zinc chloride and boron ftuoride 
have lower activity The same catalysts that 
isomerisc paraffins will usually isomoriso cyclo- 
paraffins. Thus (yclohexane is isomerised to 
methyln/r/o])entanc In the isomerisation of 
olefins, less adive catalysts such as aluminium 



Jar Dilute HF 


Fkj 33 


sulj)hatc and aluminium oxide are used because 
they have less tendency to polymerise olefins 
Isomerisation of 7i-butane to i^fobutane is one 
of the important processes employed m the oil 
industry The ratio of v- to iso butane is always 
greater than unity in hydrocarbon gas mixtures 
encountend in natural gas, gases from the 
straight -lun distillation of petroleum, or from 
non-catalytic cradving of its fiactions In the 
gas produced in catalytic* cracking for gasoline, 
the butanes usually contain more n?obutane than 
ri-butane MoButane is readily alkylatable by 
gaseous olefins so that iiWparafhns from hexanes 
to dodeianes can Ix) produced, and thus by the 
conversion of a-butane to i/co}>utano the potential 
supplies of high anti-knock hydrocaibons are 
incrc'ased n-Biitane is readily isomerised at 
relativ'ely low tempeBatures by aluminium 
chloride m the presence of hydrogen c blonde. 


In commercial practice aluminium chlqrido is 
used on a supporting material such as prcparc^d 
alumina, the composite catalyst being placed in 
a reactor through w’hich preheated n-butane and 
hydiogen chloride are passed In another typo 
of operation, licpnd butane is passed through a 
bed of granular aluminium chloride from which 
it dissolves a certain amount of the salt Ix'low 
an isoineiiHing temperature The solution is 
then passed into a rc'ac tor at a high temperaturo 
to produce i^obutane A flow diagram of such 
a plant for isornensing n-butane is shown in 
Fig .34®® Frc'sh and rc'cyc’le w- butane 18 pumped 
through a hc'ater under a pressure of about 300 
psi and the* tc mpe^rature is raised to about 80°c. 
(176‘f) ruder tlmse conditions the butane is 
liquicl and it is passed in part through an 
aluminium chlonde saturator in which it dis- 
solves catalyst for effecting its conversion in the 
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succeeding reactor, which may bo filled with inert 
granular packing material. Hydrogen ehloiide 
js introduced to the reactor to assist in catalysing 
the isomcnsation 

Fiom the bottom of the reactor a sludge con- 
sisting of addition products of aluminium chlo- 
ride and liydrocarbons is drawn. The hydro- 
carbons from the reactor are passed to an 
aluminium chlonde fractionator from which 
butanes are distilled, and aluminium chloriclo 
( oncentrate is pumjied back into the top of the 
reactor The butanes arc condensed and tlicn 
passed to a hydrogen chlonde fractionator, the 
hydrogen chloride being returned to the reactor 
The mixture of r/- and i^obutane is washed with 
caustic soda and fractionated into Mobutane 
whic h IS I (‘covered as the x>r<)duet of the process, 
and w-butane which is recycled for isomerisation 
By the operation descnlied, 50% conversicm of 
w-butane to i^ohutane may be brought about m 
a single pass through the apjiaratus. Witli 
recycling of separated unconverted n-butano, 
the ultimate yield of the; lAopaialTiii may lx; 
brought to about 00%. 


As the molecular weights of the paraffin hydro- 
( arhons increase there is more and more tenclency 
for decomi>o8ition rather than simple isomeri- 
sation reactions to occur. A minimum tempc‘ra- 
turc 18 essential, and lower conversions jier pass 
and greater recycle ratios arc recpiircd. In some 
processes inhibitors are used to reduce the 
decomposition reactions. Added hydrogen may 
bo elTective for this purpose The activity of the 
aluminium chloride catalyst is also modified by 
utilising its licpiid hydrocarbon addition com- 
plexes rather than the salt itself By using all of 
these expedients, the isomerisation of n-pontano 
and w-hexanc has been commeicialiscd The 
octane rating of w-pentanc is 04, wlulst tliat of 
Isopentane is 91. Similar increases in octane 
rating are obtained wlien n-hexane is isomensed. 

Although ccpnbbrium considerations indicate 
that low temperaturc^s favour more highly 
branched parafhn isomers, isomerisation rates of 
normal paraffins arc so low at low temperatures 
that highly blanched products are not foimcd 
in appicciahlo amounts When ?i-hcptane is 
tieated with aluminium chlonde-h^diogen chlo- 
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ridc^ catalyst at a temjicraturo C'oiiesponding to a 
substantial dcgieo of c'onvcrsion, the piincipal 
iHoineis are monoinoth^lhexanes and dimethyl- 
jHuitanes There; is no appreciable formation of 
2:2 3-trimethylbutane 

Aluminium halide catalysts are also effective 
in isomeiising ci/cioparaflins, cither pure or con- 
taincHl m petroleum fractions. Thus mcthyl- 
cyr/ohexano is obtained when cyclohvMxno is 
heated in the piesenco of aluminium cliloride at 
ordinary atmospheric picssuro. The oveiall 
effect of aliiminiuin chloride on fi actions of 
|X‘troIoum containing paraffins and cyclo- 
paraffins will be; clotc'rminod by tlie proportions 
of those groups, the amount of aluiniiuum 
chloride, and the temperature employed. In 
cracking petroleum fractions with aluminium 
cliloride catalyst, isomerisation as well as de- 
composition reactions occur, and considerable 
amounts of i^obutano are found in the gaseous 
by-products. 

There is evidencni to support the fact that 
the cata-lysts in aluminium chloride isoineii- 
sations havT either the formula HAICI4, 01 
these compounds being formed 


by the direct addition of hydrogen chloride or 
the action of water. 

1 -Butylene and 2-butylene obtainable from 
cracked gas mixtures by fi actionation can be 
isomensed to i6obutylenc by several catalysts 
such as, for example, alumina, alumina contain- 
ing a trace of sulphuric acid, anhydrous alumin- 
ium sulphate, fuller’s earth, phosphoiic acid on 
charcoal, or silicates ^ In all reac'tions involving 
isomerisation of olefins, the tendency to poly- 
merisation IS strongly competitive. 

Hidroqenation. 

Hydrogenation and destructive hydrogenation 
of hydrocarbons are employed in the refining of 
X>etroleum to increase yields and improve the 
properties of various products Any 
decomposition of petroleum fractions involves 
esvsentially a carbon-hydrogen equilibrium, and 
addition of hydrogen alters the balance and 
gives rise to a sc'ries of new products. Hydro- 
genation is one of the important processes m 
use at presc'nt, and vvdl become one of the most 
important m the conservation of petroleum, 
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Hydrogenation of Unsaturates. 

The simplest application of hydrogenation is 
in the diiect addition of hydrogen to hydro- 
carbons having ahphatic or c\ chc double bond 
linkages. The saturation of iiiono-olefins with 
hydrogen is readily brought about under mild 
conditions The t^ooctene dimers from butylene 
polymerisation processes, and mixed polymers 
from the copolymerisation of propylene and 
butylenes, are hydrogenated m the pieseneo of 
active nickel catalysts at temperatures of the 
order of 160°o. (320°r ) and pressure of 76 psi to 
produce isoparaffins having octane ratings from 
DO to 100, which are used as components of 
aviation-fucl blends The properties of %so- 
octanes produced by hydrogenating ?. 50 octeno 
dimers from the polymerisation of butylenes 
from tTa( ked gases are shown in Table XXVHl 
Mild hydrogenation of lubricating oils improves 
their viscosity indKcs by increasing their 
paraffinicities This process has found com- 
mercial application m at least one plant because 
of the grc'ater values inherent in hydrogenated 
lubricating oils The increased amount of 
naphthene and paraffin hydrocarbons is respon- 
sible for a lessened tendency to lose viscosity on 
heating 


Table XXVTII — Properties of 

?«o()CT\NES 


Sp gr 

0 7ir>0 

A P I gr. 

00 4 

100 c c (libtlllation ( \ S T M ) 

®(’ ®i. 

] nitial b p 
"o Distilled oNcr 

U9 210 

10 

106 222 

.'iO 

108 227 

<)0 

111 232 

Knd b p 

123 254 

0( tnne No ( \ 8 T M motor method) 

95 0 

lUid vapoui pressure, psi 

Olofms (%) 

1 6 

0 5 

(jum (copper dish) 

0 

Colour, Saybolt 

30 


The hydrocarbons chiefly responsible for gum 
formation in cracker! gaholines arc diolefinic in 
character and present in relatively small 
amounts Such compounds are readily hydro- 
genated under moderate conditions of tempera- 
ture, pressure, and catalyst activity. Cracked 
gasolines containing undesirably large amounts 
of sulphur can be desulphurised by hydrogena- 
tion at temperatures about 360°c (662 °f ), under 
])rcssurcs of about 900 psi in the presence of 
“ sulphactive ” catalysts which include the 
single and mixed sulphides of nickel, chromium, 
and molybdenum. The catalysts are used in 
reactors thiough which preheated mixtures of 
gasoline vapours and a moderate excess of 
hydrogen (about 4 mol per mol. of gasoline) are 
passed. The use of these sulphide catalysts, 
particularly nickel sulphide, reduces the amount 
of hydrogenation of mono-olefins and aromatics, 
and hence loss m anti-knock value. Owing to 
the removal of diolefins and reduction in sulphur 
content, the susceptibility to improvement in 
octane number by the addition of tetraethyl-lead 
IS increased, and leaded gasolines of higher octane 
numlier than the ongmal gasoline are produced. 
I'sing this method of treatment, a Californian 
cracked gasoline was reduced m sulphur content 
from 1 17 to 0 05%, with a reduction in octane 


number from 72 to 69 However, the addition 
of 3 ml. of tetraethyl-lead per gallon only pro- 
duced an octane number of 77 in the untreated 
product, whereas the same lead addition pro- 
duced an 81 octane number gasoline in the 
treated product 

Hydrogenation of aromatic hydrocarbons pie- 
sent in cracked fractions results primarily m 
de-alky lat ion of alkyl aromatics, and saturation 
of the rings to compounds of a rycloparaffinic 
character Under conditions of greater severity, 
ring breaking occurs and paraffin hydrocarbons 
are formed. An important application of hydro- 
genation IS in the saturation of highly aromatic 
recycle intermediates m cracking The hydro- 
genated oils respond to further cracking with 
lessened tendencies for carbon dc‘position and 
increased yields of gasoline 

The use of intensive hydrogenating conditions 
permits the extensive puiitieation of petroleum 
frac'tions All sulphur compounds, including 
alkyl sulphides, dialkyl disulphides (from 
sweetening reactions), mercaptans, ami heteio- 
cyelic compounds such as thiophons and thio- 
hans are reducible to hydrocarbons and 
ydrogen sulphide, which is readily separated 
from the products of hydiogcnation Oxygen 
compounds, including najihihcnio acids and 
phenols, are also susceptible to tho action of 
hydrogen under catalytic influence, yielding 
water and hydrocarbons without alteration of 
carbon atom airangoments Nitrogen com- 
pounds represented by alkyl-quinolines and iso- 
(piinolines in straight-iun products, and alkyl- 
amines, the presence of which has boon noted in 
some cracked produces, can bo made to yield 
ammonia and saturated hydrocarbons. 

Destructive Hydrogenation. 

Added hydrogen in cracking exerts many 
beneficial effects The tendency to carbon 
deposition is practually nullified, since coke 
formation in cracking is duo to tho ultimate 
breakdown of polycyclic aiomatics with libera- 
tion of hydrogen which combines with tho lighter 
roducts. When added hydrogen, activated 
y catalyst, is present in tho cracking zone, this 
aromatic decomposition is suppressed, and tho 
hydrogen reacts to produce higher boiling 
naphthenes which are fluids utilisablo as lubri- 
cants in many instances In hydro-cracking, 
yields of light distillates over 100% by volume 
of the charge are obtained The charac tor of the 
gasoline can be controlled so that it is completely 
saturated and consists of mixtures of isoparaffins 
and aromatic hydrocarbons. Hydro-cracking 
can be applied to straight-run and cracked 
residuums, asphalts, and heavy petroleums such 
as tars from tar sands to produce motor fuel. 

Tho usual conditions for destructive hydro- 
genation are tc*mperature8 of 400-500°c. (752- 
932 ®f.), and pressures of 200-300 atmospheres 
The preheated oil and hydrogen are forced 
through beds of catalyst, and hydrogen is 
separated from the reaction prodmts and 
recycled 

While a largo variety of catalytic materials 
have lieeii proposed for use in hydrogenating 
petroleum, relatively few have stood tho test 
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of service. Nickel and its oxides and sulphides, 
and the oxides of chromium, molybdenum, and 
tungsten are used These catalysts are em- 
ployed on supports such as alumina, silica, 
magnesia, and silicates The catalysts em- 
ployed commercially are those of a “ sul- 
phactive ” typo, meaning that their sulphides 
have adequate catalytic activity Molybdic 
sulphide 18 most commonly used, while its 
activity IS not as high as molybdic oxide, it has 
’a constant value over long operating periods 
The major possible adaptations of hydrogena- 
tion to petroleum refining have been listed as 
follows * 

1. The production of gasohno low m sulphur, 
and distillates free from asphalt, from 
heavy high-sulphur asphaltic crude and 


refinery residues, without coke for- 
mation. 

2 The production of lubricating oils having 

high viscosity indices, low carbon 
residues, and high flash points from low- 
grade lubricating distillates 

3 Improvement of poor-burning kerosene 

distillates by conversion to low-sulphur 
water-white burmng oik. 

4. The desulphunsation and colour and gum- 
stabihsation of cracked naphthas with 
minimum change m distillation range 
and minimum loss m anti-knock value. 
5 The production of high octane rating, low- 
sulphur stable gasohnes from gas oils. 

Table XXIX shows approximate yields in these 
five types of processes. 


Table XXIX. 



(.'harKlng 

Approximate \oliimetric Mohl of 

Total 

Sulphur 
in charge 
remo\ed 
HI process 

Gas 

(•(•HH 





\()lumetrlc 

forma- 

No 

ftttJCk 

(jiasoline 

iiuining 

oil 

(las oil 

Lubri- 
cating oil 

> icld 

tion 

1 

lligh-sulphur, as- 

% bi 'vt 

"o i>y wt 

% by wt 

% i>\ wt 

hy wt 

% by wt 

% b> wt 


I)haltic heavy 
residue 

30 

_ 

71 

_ 

101 

C5-85 

2-3 

2 

Low-grado lubri- 








:i 1 

cating distillate 
Low-gra<ie burn- 

10 

- 

2‘) 

1 

or> 

104 

80-95 

0 5-1 3 


ing oil distil- 
late 

1 

30 

71 

1 


103 

80-95 

0 5-2 


(’racked naphtha 

100 



- 

100 

50-95 

0 5 

r> 

l*aranini( gas oil 

or» 100 

- 



70-100 

80-95 

5-35 


By vaiying the conditions of operation in 
respect to temperature, pressure, catalyst, and 
latio of hydiogen to oil, a charging stock such 
as a kerosene, gas oil or residual fuel oil can lx* 
converted cither into an impioved product or 
into gasoline of an aromatic character having a 
high octane rating. For hydro-cracking to pro- 
duce such gasoline, temperatures are raised and 
the ratio of hydrogen to oil is decreased. 

Typical results obtained in hydro-cracking 
gas oils for gasoline production are shown in 
Table XXX The high yields of gasoline 
obtained by this process are noteworthy, and 
also the high octane nurnlKus and low sulphur 
contents. 


Table XXX — Hydro-crackinq of Gas 
Oils for Gasoline 


Feed stock 

Mid- 

(’oiitlnent 

(\ihforniau 

cracked 

gr 

0 8358 

0 0001 

A F 1 gr 

37 8 

25 7 

Initial h p 

224V , 435°f 

172 c, 324V' 

Final b p 

332°e ; 629V 

317 V , 602V' 

% distilled at 23^''o 



(4(10"f ) 

3 5 

31 O 

Sulphur, wt "o 

Hydrogenate<i pr^xluct 

0 179 

0 554 

Vol % yield 

86 5 

89 0 

Sp gr 

0 7531 

0 8070 

A F 1 gr 

56 1 

43 7 

Initial b p 

30^0 , 86V’ 

41V. 105V 

Knd h p 

223"0 , 433V' 

214 V , 417 V 

Octane No , A S T M 

75 1 

94 0 

Sulphur, wd % 

0 022 

0017 


In comparison with cracking, hydro-cracking 
produces higher yields of gasoline and higher 
throughputs The octane numliers of gasolines 
from hydio-cracking are lower than those from 
thermal cracking, but their response in incTeased 
octane rating by tlie addition of tetracthyl-Iead 
is liighei Table X XXI contains data comparing 
Clacking with high and low temperature hydro- 
cracking for five charging stocks The yield 
of gasoline in low tempeiaturo hydro -cracking is 
about double that obtained in cracking The 
daily production of gasoline in a 5,000 barrels 
per day total feed hydro-cracking plant is 
()0-80”o greater than the gasoline from a 15,000 
barrel per day total feed thermal cracking plant, 
as indicated by the data in Table XXXI, 
obtained under specific operating conditions. 
Octane ratings of the gasoline from hydro-crack- 
ing are from 1 1 to 15 numbers louer 

The hydro-cracking proc'ess is also operated to 
produc'c aviation naphtha from selected gas oils. 
Coiuersions jx^r pass of 50-75% and ultimate 
ix'cycle fields of 80-0.‘>% are obtained The 
ins{)oction of several fc'ccl stocks subjected to 
high-pressure cracking and the projx'rties of the 
aMation fuels are sho\Mi in Table XXXII. 

The hydrogen rc'quiremcnts for the \anou8 
hvdrogenating treatments of petroleum are a 
considerable item of exjKuise In some pro- 
cesses which have, however, met with little com- 
inercial suc'oess, hydrogen is generated in the 
reaction zone by the interaction of steam and 
metiils, particularly iron, the iron oxide being 
removed and reduced to furnish more metal. 
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• Recycle operation wherein the feed stock is totally converted to gasoline and a small amount of gas 
t Recycle operation to ultimate yield of gasolme and 12 A P I tar. 

} Octane numbers obtamed on Senes 30 motor at lOO'c (212®F ) and 600 r p m 
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Table XXX 1 1. — Hydrogenated Aviation Naphthas from Four Feed Stocks. 



lfeav> n<i{»htli.i 

MiFtindo 

K( ric 

Cas oil from 


from Miraiido 

< racked c>{ Ic 

fraction from 

V ( iiczuclan 


( Foxas) crude 

stock 

Coastal crude 

crude 

Feed stock 





•Sp nr. 

O 8483 

0 8838 

0 0254 

0 8708 

API gr 

35 3 

28 0 

21 4 

31 0 

Aniline poinl 

47"c . I17 "f 

sre , 00' F. 

77\\ , 170°f 

51"c ; 129 '’f 

Sulphur, % 

0 050 

0 070 

0 400 

0 20 



^'F 

°C °F. 

°C ®F 

Inithil b p 

101 220 

153 308 

193 379 

173 343 

10% at 

173 3U 

207 405 

221 4.30 

200 402 

50% at 

209 408 1 

229 44.’) 

238 400 

247 477 

90% at 

238 460 

255 491 

201 507 

290 5()4 

Final b p. 

268 514 

277 531 

200 554 

321 614 

Hydrogenab'd .iviation fiK'l 





Sp gr 

A r I gr. 

0 7205 

0 7347 

0 7412 

0 7130 

04 9 

01 1 

59 4 

66 7 

(y'oloiii, Sayliolt 

^ }:io ! 

4 30 

-f 30 

+ 30 

Sulfihur, % 

1 0 011 

0 002 

0 002 

0 01 

Reid V i> (I00 "f ), psi 

7 0 

0 9 

7 0 j 

(> 7 

A S T M F R octane No 

1 78 3 

1 

70 4 

78 0 ' 

75 8 


IFydrogoii is icadily produced from methane and 
steam in two stages. In the first, 1 mol of 
methane arKl 1 of steam interact in the presence 
of catalyst at alniut 870°c (l,(}()()^p) at atmo- 
spheiic pressure according to the following 
equation CH 4 -f HoO CO f SH,. Additional 
steam is added to the gases from the first stage 
and the c'arbon monoxide and steam interaet in 
the presence ot a diflerent catalyst at a temjiera- 
turo of 454‘'o (85(rF ) to yield another mol of 
hydrogen, acc’ording to the following equation 
CO+ HgO COg-f- Hg Thus from 1 mol of 
methane a total of 4 mol of hydrogen is pro- 
duced. Hydrogen is also available fiom 
dehydrogenation and dohydiocyclisation pro- 
cesses in very puie form, usually over 95% 
High toinjierature cracking processes yield large 
amounts of hydrogen recoveiablo by fractiona- 
tion of gas mixtures. Hydrogen in hydro- 
forming processes controls tho character of the 
reaction and limits the amount of carbon 
deposition Tho use of added hydrogen in the 
isomerisation of pentanes and hexanes reduces 
decompositidfi leactions and renders the con- 
versions more eflicient. 


Treating. 

Some crude oils, usually those of a paraffinic 
type, yield various distillate and residual pro- 
ducts which are marketable without extensive 
changes, since they contain low contents of sul- 
phur, oxygen, or nitrogen compounds, and 
practically no asphaltic components. Tho colour 
of gasoline and kerosene from such crudes is fre- 
quently water- white and their odours are not 
unpleasant. The lubricating fractions possess 
green or amber colour, along with an attractive 
fiuorescenee so that they can be sold and 
utilised with little treatment. 

The majority of crude oils, however, contain 
sufficient amounts of sulphur in various forms of 


combination to imjiait undesirable character- 
istics such as offensive odours and corrosion 
tendeiuies to their fractions, so that the rcmov al 
of at least a portion of their sulphur content is 
desirablo.^^' 113 distillates from 

asphaltic crudes (ontain coloured compounds in 
colloidal suspension, which are undesirable, and 
these must bo removed before they are saleable 
Such asphaltic crudes yield motor fuel and 
lubricating distillates which require extensive 
treatment. 

Tho commercial development of the cracking 
process has introduced new problems in treating, 
since tho cracked distillates contain much higher 
percentages of olefins than straight-run distillates 
and appreciable amounts of diolefins, which are 
unstable in contact with air and hght, and form 
colour and gums in the oils during periods of 
storage. Tho amount of sulphur in cracked 
gasolines is higher than in straight-run gasolitu s 
from tho same crudes, and the sulphur com- 
pounds are of a different character and require 
ifferont means for their treatment. Sulphur 
compounds in straight-run gasolines are less 
odorous, while those in untreated cracked 
gasolines impart the unpleasant odours of 
hydrogen sulphide and mercaptans. 

Treatment with Sulphuric Acid. 

Tho oldest and most generally employed 
method of treating petroleum products to im- 
prove their properties involves tho use of sul- 
phuric acid of varying concentration. To accom- 
phsh different objectives, acids of 93 and 96% 
concentration and fummg acid containing 16% 
by weight of free sulphur tnoxide are commonly 
employed. The weaker acids combme with or 
dissolve more reactive olefinic components of the 
petroleum fraction. As the acid strength is 
increased, the less reactive components arc 
affected and when fuming acid is used oxidation 
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of the least reactive constituents occurs, even at 
ordinary temperatures. The extent of the 
chemical and solvent action of sulphuric acids 
vanes with the tomperaturo of treatment as \iell 
as the concentration of the acid By maintain- 
ing temperatures as low as — 1® to 4®c. ( 30 - 40 ®f.), 
the more reactive olefins and a large percentage 
of the sulphur compounds present in cracked 
gasohnes may bo selectivel}?* removed by sul- 
phuric acid of 75-90% concentration without 
affecting the majority of high octane rating 
olefinic components Kerosene treatments em- 
ploy fuming acid at temperatures up to 93°c. 
(200°f.) for the purpose of taking out most of the 
aromatic and a portion of the naphthenic con- 
stituents to improve burning properties. 

Of the hydrocarbon groups, paiaffius are the 
least affected by sulphuric acid, although 
methane is the only member of the senes that 
does not react at all at normal temperature with 
any strength of sulphuric acid Even the 
gaseous paraffins, ethane, propane, and butane 
are slowly attacked by fuming acid, and the 
higher molccular-w eight members of the paraffin 
series are increasingly soluble in the stronger 
acids. In many treatments of petroleum distil- 
lates containing unsaturated constituents wnth 
relatively small amounts of acid, paraffins are 
substantially unaffected. 

cyc/oParaffin hydrocarbons are somewhat re- 
active tow'ard strong sulphuric acid, and some 
are soluble in the mixture of acid and reaction 
products constituting the acid sludge Naph- 
thenic hydrocarbons aie sulphonatcd by acid of 
96% concentration and undergo some oxidation 
and dehydrogenation. The effect on najih- 
thenes of hght acid treatments is negligible in the 
presence of more reactive compounds 

The aromatic constituents of petroleum arc 
definitely reacted upon in sulphuric acid treat- 
ments, benzene and lower alkylbonzencs under- 
going some sulphonation by acids as low as 91% 
concentration. 85% sulphuric acid may be 
used to remove toluene from cracked distillates 
While 93% acid removes largo amounts of 
aromatics from kerosenes, the fuming acid is 
necessary to reduce the aromatic content to a 
point corresponding to good burning properties. 
Owing to the high losses suffered in such treat- 
ments, it IS now customary to extract the 
aromatic compounds by selective solvents, such 
as hquid sulphur dioxide which does not destroy 
the aromatics, and depend upon a mild treat- 
ment with sulphuric acid to supplement solvent 
extraction. 

Of the hydrocarbon groups, the aliphatic 
hydrocarbons containing double and triple 
bonds, including olefins, diolefins, and acetylenes 
react wath acid of as low as 75% concentration 
at ordinary temperature. The reactivity of 
these unsaturates and the types of compounds 
which they form vary with their molecular 
weights and structures. In general, lower 
molecular weight compounds are more active. 
In the treatment of cracked distillates of motor 
fuel boiling range, minimum amounts of acid and 
mild conations of treatment are utilised to 
remove only those hydrocarbon constituents 
which are unstable in respect to gum formation, 
whilst leaving unaffected mono-olefins which 
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contribute to the anti-knock value of the gaso- 
Ime. 

Sulphuric acid causes a number of olefin trans- 
formations; some are polymerised to higher 
boihng hydrocarbons, some form neutral esters, 
and some form secondary and tertiary alcohols. 
At relatively low temperatures polymerisation 
stops short of tar formation. Some of the lower 
molecular weight polymers, alcohols, and alkyl 
sulphates remain dissolved in the oil, and in the 
redistillation of an acid treated, neutralised, 
cracked naphtha, a maximum temperature of 
177®c. (350®f ) should not be exceeded, and steam 
should be used to prevent decomposition of alkyl 
sulphates into unstable hydrocarbons, alcohols, 
and sulphur compounds which form gums and 
colour m the distillate Treatment of cracked 
distillates with relatively large amounts of sul- 
phuric acid produces sulphonic acids which are 
removed by alkalis. Largo amounts of acid 
also dissolve alkyl esteis and sulphonic acids. 
When large amounts of strong acid are used in 
the treatment of distillates containing largo 
amounts of olefins of the order of 10-20%, some 
alkylation of isoparaffins, aromatics, and naph- 
thenes by olefins occurs to an extent depending 
upon such factors as the molecular proportions 
of the hydrocarbon groups, strength of tno acid, 
temperature, and the time of contact. 

The practice of treating kerosene with strong 
sulphuric acid to improve its colour, odour, aiul 
burning properties began in the early days of the 
refining industry and still continues to be used 
on some distillates which require purification to 
meet market specifications. Other methods of 
treatment involving the use of liquid sulphur 
dioxide and specific absorbents for removing 
smoking hydrocarbons now compote with older 
methods, and in some instances supplant the 
sulphuric acid method of treatment. In pro- 
ducing kerosene having satisfactory burning 
properties from Californian and Gulf Coastal fields 
by sulphuric acid treating, it is sometimes 
necessary to employ fuming acid in amounts ns 
high as a pound per gallon of raw kerosene to 
remove the cyclic hydrocarbons, which impart 
smokmg properties to the oils. In such cases 
the use of liquid sulphur dioxide to extract the 
major portion of tho smoko-producing hydro- 
carbons reduces the amount of acid needed. 

In the older methods of treating petroleum 
distillates with sulphunc acid, treatments are 
conducted in vertical, cyhndncal cone -bottomed 
tanks called “ agitators,” contact with the acid 
and oil bemg brought about by air-blowing, 
mechanical stirrers or circulation with outside 
pumps. After the treatment the spent acid 
settles in the cone, from which it is withdrawn, 
and tho oil is then treated with an aqueous solu- 
tion of sodium hydroxide in sufficient excess to 
assure neutrahsation of acidic components. 

Treatments with liquid reagents such as sul- 
phunc acid are also conducted in continuous 
plants which compnse essentially mixing devices, 
such as pipes containing baffling material, 
through wmeh the acid and oil are forced to- 
gether by pumps, and enlarged settlmg tanks in 
which time is given for the separation of tho 
spent acid as a lower layer, l^e supernatant 
oil is then forced through similar mixing devices 
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along with an alkali and then into a final settler 
where the neutral oil is separated from the spent 
alkalis Many mod ifieat ions of continuous treat- 
ing processes are employed in petroleum 
refineries Fig 35 shous the flow in a plant for 
the continuous treatment of gasoline with sul- 
phuric acid followed by water washing, neutrali- 
sation with caustic soda, and sweetening with 
80 -callcd “ doctor solution ” (sodium plum- 
bite). 

When lubricating distillates are treated with 
sulphuric acid, sludge separation is slow and 
diflnult, and the tieated oils cont.uning acid 
particles in suspension are passed through high- 
speed supcrcentnfuges to separate the acid 
particles and clarify the oil Intermediate 
water washing is usually practised between the 
acid and alkali tieatrnents, and final w'ater wash- 
ing may bo employed to take out alkaline pro- 
ducts and soaps An alternate method for 


removing sludge particles from acid treated 
lubricating oils consists m adding powdered 
absorbents, such as acid tieatc‘d clays of the* 
Montmonllonite type Such absorbents co- 
agulate the sludge particles and at the same time 
absoib acid compounds so that the filtered oil is 
simultaneously neutrahsed and clarified. 

Sulphuric acid of moderate concentration 
quickly coagulates and removes asphaltic and 
resinous components in petroleum This ma\ 
be effected with acid as weak as 40%. 8omo of 
these types of c onstituents are dissolved by the 
acids and some form an intermediate tar layer 

Oxygenated compounds such as naphthenic 
acids, alcohols, ketones, and phenols respond 
diflciently to various strengths of sulphuric acid 
Although most peti oleum distillates contain 
only small pen entages of such compounds, they 
aie not completely removed by acid tieatment , 
some are sulphonated, some arc oxidised, and 
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some are dissolved. Phenols aie not removed b^ 
cold concentrated acid 

Many petroleums contain small amounts of 
nitrogen compounds, from a trace to as high as 
20%. Since most of these are types of pyridines 
or quinolines, they are basic and lemovable by 
sulphuric* ac*id of about 25% concentration 

The effect of Huli)huiic acid on the sulphur 
compounds in petroleum oils is variable and 
depends upon the concentration of the com- 
pounds, strength of the acid, and temperature. 
Hydrogen sulphide leacts with 93% acid to form 
free sulphur and sulphur dioxide. This com- 
pound should, therefore, bo removed from distil- 
lates by alkalis befoio sulphuric acid treatment 
Mercaptans are oxidised to disulphides w Inch aie 
partly soluble in the acid For this reason 
mercaptans should be removed or converted to 
dialkyl disulphides by a “ sweetening ” treat- 
ment before sulphuric acid is used. For com- 
plete removal of mercaptans, fuming acid is 


necessaiy, since alkyl disulphides are not com- 
pletely’ soluble in acids of lower concentration. 
Thiophens are sulphonated by fuming and 93% 
acid fSulphoxides and bulpliones are leadily 
soluble in 93% acid Alk^l sulphates pioduced 
in acid treatments are not all removed from the 
treated oil by the ac id 

The use of sulphuiic acid in treating petroleum 
distillates is expensive, not only on account of 
the consumption of ac*id, but also the corrosion 
problems encountered Treatments with weak 
acids must be conducted in lead-lined or other 
corrosion-resistant apparatus, since practically 
all types of sulphur compounds are encountered, 
inelucling hydrogen sulphide, sulphur dioxide, 
and sulphuric acid 

The spent acid from relatively light treatments 
may be partly rc‘covercd for re-use by (1) Dilu- 
tion of the sludge with water to separate tars and 
msoluble reaction products , (2) concentration 
of the separated dilute acid in lead-hned pans. 
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up to about 88 or 90% acid ; (3) further con- 
centration of the acid in iron pans to the desired 
stiength, usually 93 12% by weight H.SO» 
(sp gr 1 842) 

Recovered acid is black on ai'count of the 
presence of high molcculai -weight tairy com- 
pounds and cannot always be used in the ticat- 
ment of oils to produce water- white products, 
since some of the colouring matter redissolves 
m the oil. However, a supplementary treatment 
with fiosli acid can bo used to remove the 
coloured products Sludges from treatments 
with acids of high concentration at elevated 
temperatures may contain only small amounts 
of free acid, and such sludges may be more 
C( onomically burned under boilers or stills than 
subjected to rci every processes. 

Alkali T reatments. 

Various alkahs are used for removing naph- 
thenic acids and phenolic compounds from 
primary petroleum distillates The acids and 
phenols aie recoverable by subsequent acidifi- 
cation of the soap and phenolatc solutions. The 
most commonly used alkali is an aqueous solu- 
tion of sodium hydioxide, which may vaiy in 
concentration from as low' as 1% to as high as 
^9% by w^eight A preliminary treatment with 
sodium or potassium h} dioxide solution removes 
hydrogen sulphide After bulphuric acid treat- 
ment alkalis aie us('d to ncutrahso free acid and 
react with acidic reaction pioducts. Alter- 
natively, other alkaline materials such as sodium 
carbonate, ammonia, ammonium hy<lroxide, 
lime, and magnesia have also been used 

Sweetening. 

Many gasohnes and particulaily those pro- 
duced by cracking sulphur- containing stocks 
contain mercaptans, which impait a disagreeable 
odour to the gasohno. Further disadvantages 
duo to these compounds are that they are cor- 
rosive and that they reduce the susceptibility of 
gasolines to improvement in anti-knock value by 
the addition of tetracthyl-lcad. Wlulc othei 
types of sulphur comijounds may be tolerated in 
limited amounts, the substantially complete 
lemoval ol hydrogen sulphide and mercaptans 
from gasolines is desirable. 

Removal of hydrogen sulphide is readily ac- 
fomplished by treatment with aqueous sodium 
hydioxide solutions. However, this reagent does 
not completely lemove higher molecular- weight 
mercaptans, but only the methyl and ethyl com- 
pounds. The earliest process for deodoiising 
gasolines containing mercaptans used an aqueous 
solution of sodium plumbite, made by dissolving 
litharge in aciueous sodium hydroxide solutions 
of about 15-30% weight concentiation. The 
sodium plumbite exerts an oxidising effect on 
mercaptans so that they are converted to dialkyl 
disulphides. The reactions involved in the 
sodium plumbite treatment are as follows : 

2RSH+Pb(ONa)2-Pb(RS)2+2NaOH 
(RS)2Pb-fS-R2S2+ PbS 

Flowers of sulphur aic required to complete the 
second reaction unless the oil contains a suffi- 
cient quantity in solid ion. The disulphides 

Von IX.— 24 


which remain in the oil are odourless but they 
lower susceptibility of some gasolines to anti- 
knock improvement by addition of tetraethyl- 
lead 

Alternative treatments to the sodium plum- 
bite jiroccss include a number which depend 
upon similar oxidising effects. These include 
hypochlorous acid, so(lium and calcium hypo- 
chlorites, chlorine, and ammoniacal solutions of 
copper salts While many of these ha\o been 
used with good success for deodonsing, none of 
them remove appreciable amounts of sulphur 
fiom the oil 

Later processes have been developed which 
remove mercaptans instead of merely con vei ting 
them to odourless sulphur compounds These 
processes employ alkaline reagents containing 
chemicals which promote the solubility of the 
mercaptans. One of the commercially successful 
processes is the “ Fnisol ” process which uses 
aqueous sodium hydioxide containing nietlia- 
nol.'^^ This tyjio of reagent takes out sub- 
stantially all mercaptans and the spent mateiial 
IS readily icgenciated by steam distillation, 
w'hicli vapoiises nuqlianol and mercaptans, the 
sodium h^dioxid(' icmainmg as a r(‘sidue In 
the “ Solutiscr ” pioccss, a tompound such as 
sodium /tsobiifyrato is added to aqueous sodium 
hydroxidi‘ to increase the solubility of the mer- 
(aptans In the regeneiation stop, tannin is 
added to promote the oxidation of sodium nier- 
captidcs In another process, known as the 
“ Mercapsol ” piocess, aqueous sodium hydroxide 
containing naphthenic acids and cresols is used 
to extract the mercaptans 

Absorbents. 

One of the eailicst methods for the physical 
separation of undesired constituents of petroleum 
fractions was filtration through beds of granular 
absorbent materials In order to lighten the 
coloui of lubricating stocks, they are percolated 
through granular carbon such as bone char or 
fuller’s eaiths at moderaU'ly elevated tempera- 
tures of the Older of GO-7l°c (140-1 GO^'f.) 
ISuch types of absorbents exhibit a selective 
action on colouring* matter, suspended resins 
and asphaltic substances, and polymensable 
compounds They are also used to neutralise 
oils by tlui icmoval of acids, alkalis, and soaps 
In acidition to lubiicatmg oils, paiafiin wax, 
vaseline, and medidiial oils are bleached by 
absoi bents 

A vaiiety of absorbent materials have been 
employed with varying success Among these 
are animal, vegetable, and mineial chars, the 
so-called activated carbons, feiric hydroxide, 
and silica and alumina gels. The absorbents 
most commonly used at the present time are 
those made by the activation of Bentonite clays 
and Montrnonllonite. The last-named mineral 
IS a hydrated aluminium silicate with a high 
silKa-alumiiia latio (4 1), winch is further in- 
creased by treatment of the law mineral with 
sulphuric or hydrochloric acid to extract oxides 
of non, eulcium, magnesium, and a portion of the 
aluminium, the acid-treated material contain- 
ing some uncombined silica. These materials 
are in a finely powdered condition and oils are 
treated with them by wdiat is known as the con- 
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tact method. The powder is stirred in the hot 
oil until the desired absorbent effect is complete, 
after which the particles of absorbent con- 
taminated with impurities are removed by 
settling and filtering. 

In one vapour-phase treating process, naphtha 
vapours direct from the fractionator of a crack- 
ing plant are passed through beds of granular 
fuller’s earth to remove gum-forming con- 
stituents, some cracked stocks requiring no 
further treatment other than a light alkahno 
wash to render them marketable (Gray process). 
Another commercial vapour-phase process passes 
the vapours of cracked distillates through 
granular bauxite at temperatures of 316-371°c. 
(600~700°f.) under moderate super-atmospheric 
pressures of about 100 psi.^^® This treatment is 
effective in breaking down mercaptans to hydro- 
gen sulphide, which can bo readily removed from 
the distillates by sodium hydroxide solutions. 

I n the hot clay treatment for cracked naphthas, 
the condensate from the cracking plant is 
reheated to temperatures of the order of 204°o. 
(400°f.) and pumped under super-atmospheric 
pressure through fuller’s earth. This process 
effects about the same degree of purification as 
the vapour-phase methods 

Solvent Extraction. 

Various solvents are used selectively to remove 
objectionable constituents from gasolines, naph- 
thas, kerosenes, and lubricating oil stocks with- 
out chemically altering them. Many solvents 
have been employed, some with commeicial 
success. Among these are included methanol, 
liquid sulphur dioxide, nitrobenzene, bis-2:2- 
dichlorethyl ether (“ chlorex ”), methylene di- 
chloride, triethanolamine, furfural, and \aiious 
phenols Of these, liquid sulphur dioxide has 
found the most extensive commercial use, this 
liquid having great selectivity for the non- 
hydrocarbon organic constituents of petroleums, 
and for aromatic and olotinic hydrocarbons. 
The majoiity of the solvents employed have 
similar selective action in varying degrees. 
Some are more effective in removing aromatics, 
others for selectively dissolving olefins. Prac- 
tically all solvents remove largo proportions of 
the sulphur compounds The liquid sulphur 
dioxide piocess developed in Rumania by 
Edelaneau has been used in treating kerosene, 
turbine oils, electrical insulating oils, and lubri- 
cants. Solvent extraction processes are operated 
both batch and continuously with counter- 
current extraction. The success of any solvent 
extraction process depends on the selectivity of 
the solvent for removmg varymg concentrations 
of impurity. The scloctiv ity may bo modified by 
the use of a mix tin e of two solvents as m the 
“ duosol ” process. 

PRODUCTS AND USES. 

The direct uses of petroleum and its fractions 
and products from refinmg processes are as fuels, 
lUummants, lubricants, binders, sealing and 
preserving materials, solvents, and medicmals. 
Under the fuel heading are included fuels for 
internal combustion engines, which in turn can 

Im sub. divided infn ArncinlinA nnrl fiiAla 


and fuels for domestic and industrial heating, 
steam generation, etc. Natural hydrocarbon 
gases associated with petroleum, gases produced 
incidental to crackmg for motoi fuels, and gases 
produced by more mtensive cracking are also 
used for fuel purposes. Kerosene is used as a 
fuel as well as an illuminant, and the so-called 
gas or furnace oils are used for cracking, heating, 
or diesel fuel purposes, depending upon their 
characteristics. The majority of crude oils 
yield lubricants as heavy distillate fractions 
from a primary fractional distillation. Asphaltic 
petroleums yield heavy tar-like residues having 
adhesive and ductile properties, and some oils 
contain sufficient percentages of solid paraffins 
foi the manufacture of refined waxes, petrolatum, 
etc. 

Petroleum Gases. 

Neaily all petroleums are associated in nature 
with hydrocarbon gases, the pressure of which 
assists m forcing them to the surface , although 
there are many occurrences of natural gas un- 
related to petroleum and some occurrences of 
petroleum m the absence of gas pressure. The 
principal component of natural hydrocarbon 
gases IS methane, which is presumed to have 
resulted from the fermentation and decom- 
i position of organic matter, since it is readily 
I produced by ba(;terial fermentation of cellulosii* 

! materials and other organic substances Natural 
gas also permeates coal deposits from which it is 
evolved in enormous quantities as the deposits 
are penetrated. 

The characteristic components of natural 
hydrocarbon gases are methane, ethane, pro- 
pane, and the butanes. Hydiogen, carbon 
monoxide, oxygen, olefins, and acetylene are 
absent. Many natuial hydrocarbon gases con- 
tain appreciable amounts of caibon dioxide, 
nitrogen, and hydrogen sulphide ; a few contain 
hehum. The gases associated with petroleum 
and coal are distinct from those associated wuth 
volcanic activities The latter consist mainly of 
steam, but also contain varying amounts of 
hydrogen, oxygen, nitrogen, aigon, helium, 
hydrogen chloride, chlorine, hydrogen fluoride, 
silicon fluoride, and methane. A certain amount 
of methane, along with hydrogen, mtrogeii, and 
carbon oxides is evolved on heating rocks. 
Some rock salts yield methane on heating As 
a rule the methane content of gases evolved from 
coal deposits is higher than that of gases as- 
sociated with petroleum. 

The methane content of natural gas may be 
nearly 100% or it may bo as low as 10%, with all 
intermediate gradations. The average methane 
content is 75-86% Ethane varies from 0% to 
as high as 60%. Carbon dioxide contents of 
1-5% are common, although this gas may bo 
completely absent. In unusual cases the gas 
may contain 26% carbon dioxide, and a few 
natural gases consist entirely of this compound. 
Gases contammg 88% nitrogen have been noted. 
The specific gravity referred to air vanes from 
that of pure methane having a figure of 0*67 to 
gases with a low methane content havmg a 
specific gravity as high as 0*89. He^tmg values 
may vary from 100 to over 1,300 B.Th.U.’s per 
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Natural gases unassociated with petroleum 
are usually “ dry,” which term means that 
they are deficient in the heavier hydrocarbon 
components and contain loss than 0 1 gallon of 
normally liquid hydrocaibons per thousand 
cubic feet of gas. Natural gases dissolved in 
petroleum at high underground pressures and 
released as the oil is brought to the surface of the 
ground contain greater quantities of the vapours 
of normally liquid compounds, so that some yield 
over a gallon of gasoline per thousand cubic feet 
of gas Gases yielding 0 3 gallons and more of 
gasohne per thousand cubic feet are classified as 
“ wet ” Natural gasoline thus recovered con- 
tains t5obutane and w-butane, isopentane, w- 
pentane, hexanes, heptanes, and octanes ; the 


higher the molecular weight the less the propor- 
tion. cycioPropane, cy^butane, and cyc/o- 
pentane have been identified, and also small 
amounts of n^opentane, trimcthylothane, and 
dimethylpropylmethano Benzene, toluene, and 
m-xylene have been found in some natural 
gasolines. 

Analyses of some American natural gases aic 
shown in Table XXXI IT, along with their 
heating values and specific giavitu's referred to 
airA^o^ The analyses arc typical and indicate the 
variations in composition which may normally 
bo expected. The methane content varies from 
a high of 99 2% to a low figure of 32-3%. 
Ethane vanes from 0 to 67%, carbon dioxide 
from 0 to 26 2%, and nitrogen from 0 6 to 38 4%. 


Table XXXIII. — Analyses of Natural Gases from American Fields. 


State 

Motlianc 

(CH4) 

COMP( 

Kthanc 

(C2H,) 

)NEST 

(\ll 1)011 

(IioxkIc 

(C02) 

JS’it roll'll 
(N.) 

n Til U per 
cii It , 0"’(’ 

S|) «r 
(all 1) 

Alabama 

97 6 

00 

0 3 

2 10 

1,039 

0 57 

Aikansas 

99 2 

00 

0 2 

0 6 

1,057 

0 56 

(^ahforni.i 

59 2 

13 9 

26 2 

0 7 

889 

0 88 

Illinois 

37 5 

59 6 

0 0 

1 7 

1,591 

0 86 

Kansas 

S»(> 4 

1 3 

0 9 

1 4 

1,051 

0 58 

Kansas 

62 2 

18 38 

— 

18 04 

930 

— 

Kansas 

90 5 

2 5 

0 4 

() 6 

1,010 

0 60 

Kansas . 

83 0 

8 54 

— 

7 95 

970 

— 

K(‘ntuckv 

76 4 

22 6 

00 

1 0 

1,234 

0 67 

Louisiana 

96 5 

0 0 

1 4 

2 1 

1,028 

0.58 

Missouri 

92 6 

43 

0 6 

2 5 

1,066 

0 59 

New York 

84 0 

15 0 

0 0 

1 0 

1,174 

0 63 

New Yoik 

78 1 

19 9 

0 0 

20 

1,202 

061 

Ohio 

83 5 

12 8 

0 0 

3 7 

1,127 

0 63 

Ohio 

83 .5 

125 1 

0 2 

3 8 

1,122 

0 63 

Oklahoma 

i 93 1 

57 ! 

0 4 

0 8 

1,098 

0 50 

Oklahoma 

70 7 

18 65 

— 

9 32 

1,025 

— 

Oklahoma 

88 6 

5 6 

1 4 

44 

1,048 

0 61 

Fennsylvani.i 

90 0 

9 0 

0 2 

0 8 

1,126 

1 0 60 

Pennsylvania 

32 3 

67 0 

0 0 

0 7 

1,591 

0 89 

Texas 

50 6 

10 9 

0 1 

.38 4 

742 

0 77 

Texas . 

84 0 

120 

— 

2 5 

1,060 

— 

Texas 

98 0 

0 0 

0 7 

1 3 

1,044 

0 .57 

Texas . 

50 6 

10 9 

0 1 

38 4 

742 

0 77 

West Virginia 

82 0 

17 0 

0 1 

0 9 

1,189 

0 64 


The still gases vented from the gasohne 
receivers in primary petroleum distillation plants 
are valuable sources of propand, butanes, and 
pentanes. The natural hydrocarbon gases are 
more soluble in light than in heavy petroleums, 
and the lighter petroleums therefore yield gases 
containing smaller amounts of methane and 
larger amoimts of ethane, propane, butanes, and 
heavier hydrocarbons. 

Natural gases are widely distributed in the 
United States, Canada, and Mexico, and the oil- 
producing areas m South Amenca. They also 
occur in England, Hungary, Poland, Russia, 
Rumania, Germany, Franco, Italy, Iran, Aus- 
traha, the East Indies, China, and Japan.^^^ 
Underground pressures as high as 4,000 lb. per 
sq. in. have been encountered, and in many 


places there are continual seepages of gas to 
turnish fuel for perpetual fires, as on the Caspian 
Sea near Baku. Commercial use of natural gas 
IS recorded in the United States as early as 1821, 
and a five-mile pipeline was built in Pennsyl- 
vania in 1876 to supply the city of Titusville. 
In 1889, 250 billion ♦ cu. ft. of natural gas was 
marketed in the United States,^^* and in 1944 
the amount had grown to nearly 3*75 trillion ♦ 
cu. ft.^2* 

In 1944 the estimated reserves of natural gas 
m the United States were 110 trilhon cu. ft. 
Table XXXIV shows the growth of reserves and 
the production in the United States from 1926 
to 1945.^^^' Vanous experts have given 
estimates ranging from 110 to as a high as 300 

* One us billion -109, one U S tnmon«10‘2. 
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triJlion cu. ft. ^26 One authority states the figure 
at 200 trillion cu. ft.^^s 


Table XXXIV. — Growth of Natural G\.s 
Reserves and Production in the United 
States. 


Year 

Estimated 
proved 
rcsei V vH 
Januaiy 1 

Total (a) 
production 
lor year 

llatio of 
reserves to 
production 

1920 

(Triilioii ( 
23 (ft) 1 

•ubic fot t ) 

1 (g) 

122 

1931 

46 (c) 

2 58 {g) 

17 8 

1935 

62 id) 

2 40 

25 8 

1938 

66 {d) 1 

2 95 

22 4 

1939 

70 (e) 

3 15 

22 2 

1941 

85 (d) 

3 44 

24 7 

1943 

110(/) 

4 00 (ft) 

27 5 

1944 

110(/) 

3 64 112 

30 2 

1945 

135 127 

4 30 127 

31 3 


(a) Oils mark(‘to(l Kas lost and wasted as i<‘- 
ported by United States Jiurcau ol Mines 
(ft) Private estimate 
(c) Bv Earle P Jlindes 
{(i) By Balpli E DaMs 
(e) By Lyon P 'I’ei rv 

if) Petroleum Administration for War, includiiiK 
solution gas and gas eaj) n si'i \es 

(g) Marketed prodiK tion per United States Buieaii 
ol Mines, plus estimate ot lossi's and w'aste 
(ft) Preliminaiy estimate 

The principal use of natural hydrocarbon gases 
IS as fuel for domestic and industiial heating. 
Largo volumes of natiiial gas aio used in the 
maniifacturo of carbon black by smothered com- 
bustion, these blacks being used in rubber, mk, 
and paint. From 1*75 to 2 lb of carbon black 
IS obtained per thousand cubic feet of gas burned 
In 1943, 593,421,000 lb. of carbon blacks were 
produced from natuial gas in the United States, 
principally m plants in Louisiana and Texas. 

Helium IS one of the iinpoitanb products 
obtained from natural gas The chief source 
of production is from gases in Texas, Kansas, 
and Oklahoma in the United States, and 
Ontario and Albcita in Canada The amount of 
helium present in these gases \ancs from a 
fraction of 1% up to about 1G% Helium is 
obtained from the liquefied gaseous mixture by 
fractional distillation in about 98% purity. Its 
mam use is for the inflation of dirigible aircraft, 
although it has been used m fireproofing of high- 
tension switches, in gas mixtures for lesuscita- 
tion of su {location victims, in the welding and 
annealing of metals, and in clectric-discharge 
lamps. 

Both methane and ethane and also mixtures 
of propane and butanes have been compressed 
and used as motor fuels Methane has been 
used as a compressed gas and as liquid methane 
(i;, Vol. VllI, 1ft), although the low temperatures 
which must be maintained in the latter case arc a 
disadvantage (Critical temperature of methane 
IS —82 5*^0. ( — 116°f.), and the critical pressure 
18 660 psi gauge ] Methane is supplied in 
cylinders under pressures of 3,000-5,000 psi 
for motor-fuel purposes The methane which 
IS used for motor fuel in Euiope is obtained from 
natural gas, gases from petroleum refining, coal 
hydrogenation, Fischer-Ti opsch hydrogenation 
of carbon monoxide, coal carbonisation, coal 
mining, and the fermentation of city sewage. 


Liquid propane-butane mixtures are marketed 
under pressure in cylinders for motor fuel and 
for domestic heating. These mixtures usually 
contain propane, li-butane, and i^obutane. The 
octane ratings are around 100, being higher 
when they contain higher percentages of piopane. 
Such mixtures are used not only m Kuiope but 
in continental United States. One commonly 
used mixture consists of 50% w-butane, 30% 
i.9obutane, and 20% propane by volume 
Natural gas stripped of its gasoline content is 
used for repressuiing oil-beaiing formations to 
restore petroleum production in depressured 
fields or to maintain oil-field picssuies. 

Natural Gasoline. 

By the use of cooling, compression, and absorp- 
tion methods, largo quantities of gasoline an* 
recoverable from the “ wet ” natural gases to 
supplement the production by distillation and 
cracking of petroleums and their fractions. The 
natural gasoline industry has grown rapidly in 
the ten years preceding 1944 Table XXXV 
shows the annual production in the United 
States during this period In addition to 

the 1944 production of natuial gasoline shown 
in the table, over 27,000,000 bands of similai 
{iiodiicts were manufactured from lefinery gases, 
bringing the total to 100,000,000 barrels. 

Tabte XXXV — ^U.S Nxtural Gasoline 
Production by Years. 


Year 

Natural gasoline 
produced (bands) 

1934 

36,556,000 

1935 

39,333,000 

1936 

42,770,000 

1937 

49,177,000 

1938 

51,347,000 

1939 

. 51,650,000 

1940 . 

55,249,000 

1944 

100,637,000 133 


Gases from Cracking. 

In cracking petroleum fractions with the 
primary object of producing motor fuel, theie is 
a concomitant production of gases wdiich con- 
tain, in addition to the hydiocarbons present in 
natural> casing head, or still gases, hydrogen 
and unsaturated hydrocarbons The latter in- 
clude ethylene, propylene, and butylenes, their 
percentages depending upon the severity of the 
cracking conditions employed In addition, 
these gases contain small amounts of hydro- 
carbons containing more than four carbon atoms 
per molecule, which arc normally liquid. Gases 
from severe cracking at high temperatures of the 
order of 593-7 OO'^c. (1,1 00-1, 400°f ) contain 
acetylene, diolefins such as butadiene, and cyclo- 
olefins.^®® If the oil cracked contains sulphur, 
the cracked gas mixture will contain hydrogen 
sulphide and mercaptans. The gas from the 
cracking of oils containing oxygen compounds 
may contain (‘arbon monoxide or dioxide, and 
the cracking of nitrogen-containing oils may 
yield traces of ammonia or alkylamines. 

The quantity of gas produced in ciacking for 
gasoline vanes with the character of the oil and 
the extent of cracking In mild thcimal crack- 
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ing, about 2% by weight of the oil may be con- 
verted to gas, while in more severe operations 
over 25% may appear as gaseous products. The 
amount of hydrogen in such cracked gases vanes 
from 3% to as high as 11% or 12%, and the total 
content of olefins may be as low as 3% or as 
high as 40% The specific gravity referred to 
air approaches unity in some cases and the 
heating values are correspondingly high, fre- 
quently around 1,500 B.Th.U.’s per cu ft. 
or higher. Analyses of typical gas mixtures 
from oil cracking plants are given in Table 
XXXVI.134. 136. 136. 137 Columii 1 in the table 
shows the analysis of the gas from the gasoline 
receiver in a plant cracking a Mid-Continent 
gas oil. Column 2 shows the analysis of a 
mixture returned to the stablisor column as 
reflux, and column 3 the gas mixture evolved 
from the stabihser in the cracking of the same 
oil. Column 4 shows the analysis of the total 


gas from the thermal cracking of a Mid-Continent 
reduced crude, one from which motor fuel and 
kerosene fractions had been distilled. Columns 
5 and 6 show comparative analyses of the total 
gases obtained by the thermal and catal 3 d;ic 
cracking respectively of another Mid-Continent 
gas-oil fraction. The catalyst used was a 
synthetic silica-alumina composite, and it is 
noteworthy that the use of this catalyst pro- 
duced gases containing about twice as much 
propylene, five times as much isobutane, and 
larger amounts of butylenes. A further cha- 
racteristic of the mixture from the catalytic 
cracking is the greatly increased amount of 
i^jobutane, which is about five times the amount 
of normal butane in the mixture. Columns 7 
and 8 show typical analyses of gas mixtures from 
high temperature vapour-phase cracking of a 
petroleum distillate. The content of ethylene in 
these mixtures is from three to eight times that 


Taule XXXVI — Composition of Gases from Cracking 


Component 

1 

2 

3 

4. 

5. 


7. 

8 

Hydrogen 


4 3 

— 

0 1 

5 0 

30 

50 

70 

88 

Methane . 


22 2 

0 1 

3 4 

24 0 

25 0 

13 0 

30 0 

40 5 

Ethane 


17 3 

3 2 

14 0 

13 0 

19 0 

5 0 

12 0 

9 9 

Ethylene 


6 0 

0 6 

90 

5 0 

3 0 

5 0 

23 0 

26 4 

Propane . 


26 8 

22 0 

32 5 

19 0 

20 0 

11 0 

40 

40 

Piopylene 


11 2 

15 0 

22 5 

13 0 

11 0 

23 0 

14 0 

80 

n-Butane 

i^oButane 

r 

5 6 

37 5 

65 

90 

/6 5 

13 5 

3 5\ 
19 5/ 

20 

} 

w-Butylencs 

V 

J 

4 0 

ri 2 0 

8 01 

120 

/6 0 

10 0\ 

60 

j^oButylene 

1 80 

4 0/ 

\3 0 

5 0/ 


Butadiene 

1 

— 

— 

— 

— 

— 

— 

1 0 

— 

Pentanes 1- . 


0 2 

1 2 

02 

— 

— 

— 

— 

0 1 


1 Gas Irom gasoline leeeiver , cracking Mid-Continent gaa oil'l 
2. Stabiliser reflux , cracking Mid-Contment gas oil } (lef 134) 

3 Stabiliser gas , cracking Mid-Continent gas oil J 

4 Total gas , thci inal cracking of Mid-Contment reduced crudeO 

5. Total gas , tlioiinal cracking of Mid-Continent gas oil Mief 135) 

e Total gas , catalytic ciaeking of Mid -Continent gas oil j 

7 Gas from gasoline receiver ; vapom-jihasc thermal cracking (ref 130) 

8 Total gas , vapour-phase thermal ciaeking (ref 137) 


of the other gas mixtures, while the amounts of 
propane, butanes, and butylenes are much lower 
Butadiene is practically always present in gases 
from^ vapour-phase cracking, whereas it is 
scarcely ever present in detectable quantities in 
gas mixtures from hquid vapour- phase cracking 
processes. Butadiene can bo produced in 
amounts corresponding to about 5% by weight 
of oils cracked at temperatures of 760-815°c 
( 1, 400-1, 500 '^f ). Vapour-phase cracking also 
produces gases containing large percentages of 
hydrogen and methane m comparison with 
gases from mixed-phase cracking at lower tem- 
peratures. The olefin content of cracked gases 
makes them a rich starting material for the 
manufacture of chemical derivatives. The frac- 
tionation of gas mixtures from cracking-plant 
stabilisers yields mixtures comprising largely 
butanes and butylenes, which are either treated 
m polymerisation plants to produce i^ooctenes 
from the butylenes oi charged to alkylation units 
after the addition of ^5obutane from other 
sources. 

Petroleum fractions, both normally gaseous 
and normally hquid, are cracked for the manu- 


facture of gases at higher temperatures than 
those employed in cracking for gasohne. These 
high -temperature processes are the source of 
Pmtsch gas and Blau gas. The temperatures 
used m these processes vary from about 700 to 
900°c. (1,292 to 1,652°f ), and cracking is con- 
ducted in regenerative furnaces containing 
checker brickwork which is alternately fired to 
raise its temperature and then used to crack the 
oil vapours. The ranges m composition of 
Pmtsch gas are given m Table XXXVII.^®® 

Table XXXVII, 

%by volume 

Hydrogen . 10-20 

Methane . 30-40 

Ethane . ... 6-15 

Olefins, principally ethylene . 20-40 

Clacking can be conducted with the object of 
making ethylene, propylene, and higher olefins 
at temperatures of 660-850°c. (1, 206-1, 652°F.) 
to yield 900-1,400 cu. ft. of olefins and diolefins 
per barrel of gas oiL 
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Table XXXVIII Bhows the yields of gas and 
olefins per barrel of gas oil produced m typical 
runs.^®® 

Table XXXVIII. 


Temperature 

Yield, - 
cu ft 

Olefins 

(and 

diolefins), 
vol % 

Olefins, 
cu ft 

'’c 

1 °F 

per barrel 

per barrel 

743-78,') 

682-760 

700 

800-850 

650-750 

1,3.52-1,455 

1.201- 1,400 
1,292 

11,472-1,562 

1.202- 1,382 

2,800-3,365 

2,490-2,963 

2,520 

2,870-3,255 

1,887-2,884 

27 3-36 6 
30 1-35 8 
36*5 

43 1-46 2 
43 0-30 6 

906-1,094 

891-930 

919 

1,325-1,402 

822-882 


The gases produced by high- temperature 
cracking have high heating values of 1,200- 
1,500 B.Th U ’s per cu. ft. and are used to car- 
biirate water gas and produeer gas 

The gases from cracking propane at tempera- 
tures of 900-1, 200°c. ( 1, 652-2, 192°f) contain 
increasing amounts of acetylene up to about 15% 
of the gas mixture and give maximum yields of 
ethylene at about l,100°c. (2,012°r.), after which 
the ethylene yield decreases and the aeetylene 
yield increases. More data on the production of 
acetylene and its uses is found in the “ Special 
Products ” section. 

Motor Fuel. 

The use of the fractions of petroleum as fuel 
for various types of internal combustion engines 
is of major importance at the present time 
(1945). In the United States, one-half of the 
volume of petroleum produced is used in internal 
combubtion engines as motor gasohne, aviation 
fuel, tractor, and diesel fuel. Production of all 
types of gasoline in 1944 reached 45% of the 
petroleum charged to refineries in the United 
States.^®® 

The turn of this century marked the transition 
from the kerosene to the gasohne age, when the 
automobile appeared as a factor in transporta- 
tion. The increasing use of the diesel engine in 
stationary power plants, locomotives, trucks, 
buses, and ships has required increasing amounts 
of the heavier distillate and residual petroleum 
fractions. The latest developments are con- 
cerned with special fuels for airplane engines 


which require the highest anti-knock gasohne 
for their operation. Engine fuels may be 
roughly classified as : 

(i) Gasoline, which powers the great majority 

of automotive land vehicles. 

(ii) Aviation fuel, used in the high- compres- 

sion motors of airplanes 
(in) Fuels used in high- and low-speed diesel 
engines for vehicles of all types, and in 
stationary power-plants. 

(iv) Tractor fuel. 

Gasoline. 

Gasoline is a mixture of hydrocarbons boiling 
from approximately 38® to 204°c. (100® to 400°f. 
obtained from petroleum or other hydrocarbon 
sources. The end boilmg-pomt varies from 177® 
to 260°c. (350® to SOO^'f ) Such hydrocarbon 
mixtures are produced in the primary or straight- 
run non-destructive fractional distillation of 
petroleum, in the cracking of its heavier frac- 
tions, and in syntheses involving polymerisation 
of gaseous olefins, or the alkylation of isobutane 
or benzene with low boiling olefin hydrocarbons. 
The suitability of a gasoline for use m a given 
engine depends upon a laige number of factors, 
including the relative proportions and boiling- 
points of the paraffinic, olefinic, cycZoparaffinic 
and aromatic hydrocarbons which it contains, 
and the molecular stiuctures of these compounds. 
Before the automobile began to cause excessive 
demands for gasohne and before the use of in- 
creased compression ratios to seek higher 
thermal efficiencies in the engines, the market 
for gasohne was supplied by straight-run pro- 
ducts boiling from noimal temperatures up to 
about 150°c (300°f ) As volume requirements 
increased, the end boiling-point was raised and 
the cracking process developed to augment the 
supply of natural product. In the interval 
betw'een 1920 and 1944 in the United States, the 
volatility of gasohne as determmed by its distil- 
lation test figures experienced considerable 
variation, as shown m Table XXXIX, which 
gives average values for marketed fuels 
The data in the table show that gasohne has 
become considerably more volatile from 1920 
until about 1942. Up to the latter year all 
indicated boiling-points were becoming lower. 


Table XXXIX. — Boiling-Points of Gasoline (U.S A.). 


Year 

Initial b p. 

10% 

50% 

90% 

End b p I 


®C. 

®r. 

°c. 

°F. 

°C. 

®F 

°C. 

°r. 

0®. 

°F. 

1920 — Jan. . 

48 

119 

78 

172 

126 

259 

187 

369 

219 

427 

July . . 

54 

130 

83 

182 

131 

268 

198 

388 

230 

446 

1926 — Jan 

34 

93 

68 

155 

129 

264 

193 

380 

217 

423 

July 

38 

100 

72 

162 

130 

266 

194 

382 

216 

421 

1930~^8«n. 

34 

93 

59 

139 

124 

266 

188 

371 

208 

406 

Aug. . . 

38 

100 

68 

166 

129 

265 

187 

368 

207 

405 

1940 — July * 

39 

102 

63 

146 

114 

238 

172 

341 

201 

393 

1941-Jan.* 

33 

91 

64 

130 

109 

228 

170 

338 

199 

391 

1942— Jan.* . 

34 

93 

63 

127 

108 

226 

166 

331 

105 

383 

1943--July * . . 

38 

101 

59 

139 

113 

236 

168 

334 

201 

393 

1944— Jan.* . 

34 

93 

55 

131 

117 

242 

174 

346 

206 

401 

1944— J% * . . 

39 

103 

63 

146 

123 

253 

178 

353 

208 

407 


♦ Average of premium, regular, and tliird-gradc fuels. 
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although seasonal variations were still in evi- 
dence. The figures for 1944 show the effect of 
wartime conditions, particularly in regard to the 
10, 60, 90, and end boiling-points, although the 
initial boiling-pomts show no significant change. 

The use of increased compression ratios 
brought to light the fact that ga^solines of certain 
types exhibited a tendency to “ knock or 
detonate, with resulting loss in engine power and 
efficiency. Originally motor fuels were graded 
in respect to their knocking tendencies by com- 
paring them in standard test-engines with blends 
of straight-run gasolmes having high knocking 
properties, and either aniline or benzene having 
anti-knock properties. Between 1922 and 1930, 
extensive researches on the knocking problem 
evolved i^ooctane as a standard non-knocking 
hydrocarbon and brought improvements in 
standard test engines. The knocking tendencies 
of gasolines are determined in one-oylinder 
engines of standardised design by companng the 
performance of an unknown fuel with the per- 
formance of mixtures of n-heptane, to which a ^ 
j^.ero anti-knock rating is assigned, and an tso- 
octane, 2.2.4-trimethylpentane, which is given 
an arbitrary rating of 100 The volume per- 
centage of i5ooctano in a blend with w-heptane 
which duplicates the performance of an unknown 
sample in a test engine is taken as its octane 
number (v. Vol. VITI, 632c). Since the power 
developed and knocking tendencies of a fuel are 
influenced both by the speed of the engine and 
the richness of the fuel-air mixture fed to the 
cylinders, full-range testing is practised to enable 
more complete evaluation of fuels imder varying 
conditions of load and speed. The anti-knock 
value of aromatic hydrocarbons increases 
slightly as engine speeds increase, that of olefime 
hydrocarbons decreases considerably, and that 
of paratfinic hydrocarbons decreases slightly. 

The method for testing gasolines to determine 
their knock characteristics has been tentatively 
standardised by the Amencan Society for Test- 
ing Materials under their test designation 
D-357-37T. This method of determining octane 
numbers is commonly referred to as the A S T M. 
or Motor Method. At the present time this 
octane number is the most important single 
property of a spark-ignition mteinal-combustion 
engine fuel The compression ratio of United 
States passenger cars increased from 6 3 in 1931 
to 6-7 m 1942,^^^ and in this same period the 
anti-knock quahty of fuels increased as shown in 
Fig. 36 to a maximum in 1941 and 1942.^^^ The 
drop in quahty from this time to 1945 was 
because of increased wartime demands for auto- 
motive and particularly high anti-knock aviation 
fuels.i^® termination of the Asiatic 

conflict in August, 1946, aviation-fuel demands 
dropped sharply and upward trends in anti- 
knock value of motor fuels were soon observed. 
However, these trends were not uniform. 

The tendency of a gasoline to knock is depen- 
dent on the design and operation of the engine, 
so that the octane number determined in a 
standard one-oylinder test engine is an empirical 
figure not always related to knocking in a multi- 
cyhnder automobile engine. However, the value 
indicates roughly the performance to be ex- 
pected m an automobile running under rather 


severe conditions of load and speed. Higher 
octane numbers mean generally higher effi- 
ciencies, although there is no advantage in 
employing a fuel having an octane number 
higher than that necessary to avoid knocking in 
a given engine. 

There are four requirements for a satisfactory 
gasoline : 

1. Its volatility should be controlled to permit 

easy starting, quick warm-up of the 
engine, satisfactory acceleration of the 
car ; no dilution of crankcase lubricants 
and no vapour lock due to excessive 
vaporisation in the carburetter ; 

2. Its octane number should be high enough 

to ehmmate detonation ; 

3 It should contain no gum-forming com- 

poimds ; 

4 It should be free of abrasive or corrosive 

materials. 



As a result of many tests it has been deter- 
mined that : 

1. The initial boihng-point of a gasoline is 

without significance ; 

2. The 10% boihng-point determines the ease 

of starting and the tendency to vapour 
lock; 

3. The 50% point controls the warming up 

period ; 

4. The 90% point (since it indicates the dew 

point, which in turn determines the 
proper manifold temperatures), in- 
fluences power output, engine economy, 
and satisfactory acceleration, and indi- 
cates possibihties of crankcase lubricant 
dilution ; 

6. The end point has minor significance. 

The determination of the vapour pressure of a 
gasoline m a standard bomb at 38°o. (100®F.) 
gives another indication of its volatility cha- 
racteristics. If the vapour pressure exceeds a 
certain amount, depending upon the atmospheric 
temperature and the temperature of the fuel 
system, too much of the fuel will boil off in the 
carburetter and the. motor will stall because of 
too lean a mixture in the manifold. At 10°o. 
(50°F.) the vapour pressure should not be over 
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14 lb. in the standard Reid tost, while* at an considerable quantities of butanes and pentanes, 
atmospheric temperature of 38°o. (100°F.) the Prior to the instigation of the American 
vapour pressure should not exceed 7 lb if Petroleum Institute Project m 1928 for the 
vapour locking is to bo avoided The Reid separation and identification of hydrocarbons in 
vapour-pressure test has been adopted by the gasoline, little was actually known of the com- 
American Society for Testing Materials as tenta- pounds present, although group analyses indi- 
tive standard i:)-323-37T. cated the variations in composition Various 

The gum content and the potential gum-form- methods are used to determine the group^ com- 
ing hydrocarbons should be low to prevent plug- position of light petroleum distillates These 
ging of fuel lines and carburetter jets and stick- depend upon the relative activities of olefins and 
mg of inlet valves Gums are cletermincd by aromatic hydrocarbons with sulphuric acid, the 
evaporating 100 ml of gasoline m a small glass determination of halogen numbers and molecular 
beaker on a steam bath. The details of this weights of various fractions, the nitration of 
method for determining the actual gum content aromatic hydrocarbons with mixtures of sul- 
of gasoline have been adopted by the American phuric and nitric acid and the temperatures of 
Society for Testing Materials undoi their designa- complete miscibility with aniline of residual 
tion D-381-D-36. This is now the American mixtures of paraffins and ci/c/oparaffins after 
Petroleum Institute standard under their removal of olefins and aiomatics Many group 
number 629-36. Satisfactory gasoline should analyses have been published based on these 
have no moic than 7 mg. of gum per 100 ml. of different methods, which at best are only 
sample. approximate. In regard to determining relative 

The amount of sulphur which can be picsent pioportions of normal and branched -chain 
in motor fuel without endangering engine parts paraffin and olefin hydrocarbons, the location of 
18 higher than most specifications permit Venti- side groups, or of double bonds in the case of 
lating systems on the crankcases of present-day olefins, available methods are not fully adequate, 
automobiles prevent condensation and eliminate Infra-red spectra are available for normal and 
any possibility of corrosion by acids of sulphur branched-chain paraffin hydrocarbons contain- 
Since 1930 restrictions on sulphur content have ing up to eight carbon atoms, but values for all 
been eased considerably The United States olefins containing up to seven carbon atoms have 
government now accepts gasoline containing not been reported, and hence estimation of 
0 25% sulphur (1946) paraffin and olefin molecules by infra-red 

Although for a long time gasolines were methods is definitely limited. The use of all 
marketed on a specific-gravity basis, it is now spectroscopic methocis involving infra-red, ultra- 
known that this property does not determine the violet, X-ray, Raman, and other spectra will 
suitability of a gasoline for use in an engine. increase as values continue to be determined on 

pure hydrocarbons. Some idea of the location 
Hydrocarbons m Gasolines. of olchn double bonds may be obtained by foim- 

The iclativo proportions of paraffin, olefin, ing ozonides. Another factor entering into 
rycioparafiin, and aromatic hydrocarbons vary hydrocarbon grouji analyses is that of mixed 
markedly in gasolines. Those of the straight- composition. K g , styrene may ho classed either 
run variety aie composed principally of paraffin as an olefin or an aromatic, and a compound such 
and rydoparaffin hydrocaibons, though a few as hcxylcyc/ohexanc may exhibit both properties 
contain aromatic hydrocarbons Cracked gaso- of paraffins and naphthenes, and be classed one 
lines are characterised by higher percentages of time as a hydrocarbon of the former group and 
both olefinic and aiomatic hydrocaibons than another time as one of the latter group, depend- 
are found in stiaight-run products, the olefins mg upon the method of analysis, 
being the typical components. In gasolines of Table XL shows the group composition of 
adjusted vapour pressure, the lowest boiling different boihng-range fractions of five straight- 
compound will be propane, and there will be run distillates. 


Table XL — Hydrocarbon Group Composition of 60-300°c ( 1 40-67 ) Fractions 




1 

Bibi-Eibat, 

U 8 S K 

1 

Mcxia, Texas 

Tonkana, 

Oklahoma 

Davenport, 

Oklahoma 

lluntmgton 

Beach, 

California 

Fraction, b p 

Paraffins 

Naphthenes 

Aromatics 

Paraffins 

Naphthenes 

Aromatics 

cn 

a 

2 

ei 

Naphthenes 

Aromatics 

Paraffins 

Naphthenes 

Aromatics 

Paraffins 

Naphthenes 

0} 

1 

O 

M 

60-95 

°F. 

140-203 

67 

40 

3 

54 

! 

17 

29 1 

68 

26 

6 

74 

21 

6 

65 

31 

4 

95-122 

203-252 

45 

52 

1 3 

67 

22 

21 1 

68 

34 

8 

65 

28 

7 

46 

48 

C 

122-160 

262-302 

27 

66 

7 

68 

23 

19 

45 

43 

12 

55 i 

33 

12 

55 

33 

11 

160-200 

302-392 

19 

69 

12 

63 

1 21 

16 

39 1 

41 

20 

65 

29 

16 

22 

61 

17 

200-250 

392-482 

27 

61 

22 

68 

20 

12 

44 

34 

22 

52 

31 

17 

30 

45 

25 

260-300 

482-672 

29 

41 

30 

69 

29 

12 

46 

29 

25 

61 

1 

32 

17 

31 

40 

29 
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The data show an upward trend in aromatic 
content as boiling-points increase, with the 
exception in the case of the Texas gasoline The 
paraffin content invariably decreases as the 
boiling-pomt rises There is no definite trend m 
the percentage of cyr/oparaffin hydrocarbons 
Typiciil group compositions of commercial 
thermally cracked gasolines are shown in 
Table XLI 


Table XLI — Composition op Gasolines 
FROM Thermal Cracking. 




Stocks crack(.<l 


Ifydio- 

carbon 

glOUpH 

Bra- 

man 

Toii- 

kaya, 

Kansas, 

topped 

(Tudo 

Ken- 

tucky 

luel 

oil 

Smack- 

over 

heavy 

crude 

North 

3'exas 

fuel 

oil 

Lost 
Soldier, 
VV vom- 
Ulff, 

crude 

Voi «« 
Olt'flns 

Jfi 1 

14 4 

14 7 

10 0 

11 7 

Aromatics 

17 8 

22 5 

27 5 

18 (5 

15 0 

Naph- 

thenes 

12 8 

10 0 

21 2 

11 7 

154 

Parallins 

53 3 

53 1 

30 0 

53 7 

57 9 


The olefin percentages shown are lower than 
average, which is more hke 20-25% with corre- 
spondingly lower percentages of paraffins. 

Gasolines produced by high-temperatuio 
vapour-phase cracking fioqucntly contain 50% 
olefins and 40% aromatics, with only small 
amounts of naphthenes and paraffins. Table 
XLII shows some giouj) analyses of vapour- 
Iihaso cracked gasolines.^^® 


Table XLII — Compositions of Gasolines 
from Vapour-Phase Cracking. 


Vol ro 


Olefins 

42 4 

43 1 

38 0 

64 5 

75 7 

Aromatics 

57 0 

38 6 

40 3 

28 1 

20 8 

Naphthenes 

— 

48 

7 2 

3 8 

35 

Parallins 

— 

13 5 

8 5 

3 0 

— 

Total 

100 0 

100 0 

100 0 

100 0 

100 0 


Polymer gasoline consists largely of mono- 
olefins containing seven and eight carbon atoms 
per molecule Table XLIII shows the com- 
position of a commercial product. Heptenes 
in such a gasoline include heptene-1, hopteno-3, 
and ethylpentene-2. The eight-carbon-atom 
olefins include both 2:2 3- and 2 2 4-trimethyl- 
pentenes 

Table XLIII. — Composition of Polymer 
Gasoline. 


Niiinhci of carbon atoms Mol % of 

j)cr olodn hydrocarbon polymer 

nir)lecule Kasoluie 

5 . . . 17 

G . . 5G 

7 . . 48 1 

8 . . 15 2 

11 and higher. . 12 3 


The octane numbers of polymer gasohnes vary 
from 80 to 82 by the motor method. The value 
does not vary greatly with change in end point, 
and tho octane blending value exhibited when 
polymei gasoline is mixed with low octane-rating 
gasoline is also faiily constant. Table XLIV 
shows some commercial data on end point, 
octane numbers, and blending values of com- 
mercial polymer gasohnes. 


Table XLIV. 


Prop('rtv 

1 

t> 

3 


5 


°C 

"f 

"f 

0 (, 

°F 

End bp.. 

277 531 

2GG 510 

22G 439 

212 413 

211 411 

Octane number . . | 

Blending octane num- 

81 

81 

80 

82 

81 

ber 

118 

118 

IIG 

120 

110 


Tho composition of ciacked gasohnes is laigoly 
dependent upon the nature of the oils cracked 
Composition of two gasolines produced as pro- 
ducts of catalytic cracking using alumiiia-sihca 
type catalysts are shown in Table XLV 


Table XLV. — Composition of Gasolines 
FROM Catalytic Craokinq. 


1I> drocarbon 
coinponenth, % 

Paiaflimc 

gas-oil 

charge 

Naphthenic 

gas-oil 

charge 

Normal paraffins 

17 

12 

i5oParaffins 

63 

47 

Naphthenes 

7 

25 

Aromatics 

9 

13 

Olefins 

1 

4 

3 


The relatively high percentage of z^oparaffin 
hydrocarbons is noteworthy, this being character- 
istic of catalytically cracked gasolines and 
accounting for their observed higher octane 
numbers in comparison with analogous thermally 
cracked fractions. The percentage of olefins is 
lower than in similar thermally cracked pro- 
ducts. 

The American Petroleum Institute Hydro- 
carbon Research Project has given the first 
definite percentages of the normally hqmd 
hydrocarbons actually present m gasohnes. 
Employmg stnctly physical separations in- 
volving distillation, extraction, absorption, and 
crystaUisation, about 60 hydrocarbons have been 
separated from straight-run gasohnes and gases 
representing different fields in the United 
States. These hydrocarbons are listed in 
Table XLVI ; 25 of them are paraffins, 15 are 
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Tabie ^J.VL 


Formula 

Name 

B P , 

Bp,°F. 

CH4 

Mothano 

-161 7 

-258 0 

C*He 

Ethane 

-88 6 

-127 0 

C3H8 

Propane 

-42 2 

-44 0 

C.Hio 

isoButane 

-11 8 

-no 

C H,® 

w-Butane 

-0 5 

310 

C3H,, 

2-Methylbutano 

27-9 

82-4 

CjHi, 

/i-Pcntane 

36 1 

97 0 

CsH.o 

ci/cioPentano 

49-5 

1210 

^6*^14 

2. 2 -Dimethy Ibiita ne 

49-74 

1215 

CeH„ 

2 3 -Dimethy Ibutano 

58 0 

136 4 

^6^14 

2 -Methylpentano 

60 3 

140 5 

CeHx 4 

3-Methylpontano 

63-3 

146 0 

CeHi 4 

w-Hexane 

68 7 

155 7 


Methylci/ck>pontanc 

719 

161 4 

C,H,„ 

2 2-Dimethylpentaiio 

• 78 9 

174 0 

CeH, 

Benzene 

80 1 

176 2 

^7^16 

2 4 -Di methylpentano 

80 51 

176 9 

CeH,^ 

cycioHexane 

80-8 

177-5 

C,H„ 

1 l-T)imethylc?/c2opentano 

87 5 

189 5 

C,H,e 

2 3-Dimethylpentane 

89 79 

193-6 


2-Methylhexano 

90 0 

194 0 

C,H„ 

irans- 1 .3 -Dimothylcyc^opon tano 

90 9 

195 6 

C,H„ 

tm7i5-1 .2-Dimothylcyr/opontano 

91-9 

197-4 

^7*^16 

3-Mcthylhexane 

92 0 

197 6 

CtHi* 

72 -Heptane 

98-4 

209 8 

C,Hi4 

Methylci/ciohoxano 

100 9 

213-6 

CtHs 

Toluene 

1106 

231 0 

CgHi, 

2-Methylhcptane 

117 6 

243 9 

CsH,, 

1 1-Dimethylcydohoxane (a) 

119 8 

247 6 

^8^16 

trans- 1 .3-Dimethylc7/ciohexane 

120 3 

248-6 


tran^-l 2 -Dimethy IcycZohexane (a) 

123 4 

254-1 


71 - Octane 

125 6 

257 9 

^ 8^16 

E thy IcycZohexa nc 

131-8 

269 2 

C9H20 

2 6- Dimethy Iheptane 

135 2 

276 4 

CsH.o 

Ethylbenzene 

136 2 

277 2 


Monocychc (6) 

136-7 

278 1 

^8^10 

p-Xyleno 

138 4 

281 1 

CsH.o 

7w-Xyleno 

139 2 

282 6 

C9H20 

2.3-Dimcthylheptane (a) 

140 7 

285-3 

C9H,, 

1 2*4-Trimothylcyc/ohexano 

141-2 

286 2 

C9H20 

4-Methyloctane 

142 4 

288 3 

C9H20 

2-Methyloctane 

143-3 

290 0 

C9H20 

3-Methyloctane 

144 2 

291 6 

CbHio 

0 - Xylene 

144-4 

292 0 

C9H18 

Monocyclic (b) 

145 0 

293 0 


Bicyclic (6) 

147 0 

296 6 

C9H20 

71 -Nonane 

150 7 

303 3 

C9H12 

75oPropylbenzene 

152-4 

306 3 

C9H12 

7i-Propylbenzene 

159 5 

319 1 


1 -Methyl-3-ethylbenzone 

161 6 

323 0 

C9H12 

1 -Methyl-4-ethylbenzene 

162 5 

324-5 


1 3.6-Trimethylbenzene 

164 6 

328 2 


1 -Methyl-2 -ethylbenzene 

165-1 

329 2 

CjoHia 

4-Methylnonane 

165-7 

330 6 

Cio^ia 

2-Methylnonane 

166 8 

332 2 

CipHij 

3-Methylnonane 

167-8 

334 0 


1 2 4-Trimothylbenzene 

169-2 

336-6 

^10*^12 

71-Decano 

174 0 

345-2 

C9H12 

1 .2.3-Trimothylbenzene 

176-1 

349-0 


(a) Identity not definitely established, 

(b) Identity not yet determined. 
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c^c^paraffins, and the remainder aromatics. 
All the normal paraflSn hydrocarbons up to 
decane are present, 13 monomethylparaffins, 4 
dimethylparaffins, and 11 aromatics. It is 
worthy of note that more highly branched 
paraffins than the dimethyl compounds are 
absent, and there is a relatively small number of 
hydrocarbons present in comparison with the 
largo number known to boil in the range of the 
fractions examined. Thus while there are five 
possible structural isomers among paraffin 
hydrocarbons containing six carbon atoms, only 
four of these compounds were found. Similarly, 
and in a more marked degree, only four heptanes 
were isolated whilst there are nine possible 
structural isomers The lack of branched 
isomeric compounds is still more striking in the 
case of the eight- carbon-atom paraffins, of which 
only two were found, whilst eighteen are struc- 
turally possible. Among the nine- carbon-atom 
paraffins, five weie identified, whilst a total of 
thirty -five structural isomers is possible 

The octane ratings of hydrocarbons depend 
upon their boihng-points and their molecular 
structures In general, the lower boihng 
hydrocarbons and those having more compact 
carbon-atom structures show higher octane 
ratings. The rules governing octane rating in 
relation to structure are complex and present 
some anomalies. In the paraffin scries the more 
highly branched molecules in a group of isomers 
give the better octane numbers. E.g,, in- 
creasing anti-knock properties are noted in the 
octane group in the order of w -octane, methyl- 
heptanes, dimethylhexanes, trimethylpentanes, 
and tetramethylbutane. 

In the mono-olefin group higher octane ratings 
are shown by the more highly branched members, 
but another factor also enters in the position of 
the double bond, so that, e.g,, 2:2:3-trimethyl- 
pentene-1 will have a different octane ratmg 
from 2*2 3-trimethylpentene-2 

In the cycioparafiins, the octane number 
depends upon the molecular weight and position 
of substituent groups. If these groups are 
straight- chain aliphatics, the octane numlieia 
will be lower than if they are branched-cham 
ahphatic radicals. Also, the point of hnkage to 
the ahphatic group influences the anti-knock 
rating. The octane rating of a trimethylcycio- 
hexane is different from that of isopropylcyck)- 
hexane. 

Among the aromatics, the octane ratings are 
also influenced by the number, type, and 
position of substituent groups. Thus, toluene 
has a higher octane number than benzene, and 
cumene (isopropylbenzene) has a higher octane 
number than benzene or toluene. 

Tables XLVII to LI show the names, struc- 
tures, and octane ratings of a number of paraffin, 
olefin, eyeZoparaffin, and aromatic hydrocar- 
bons (c/. Vol. VIII, 639a). Some of those are 
present in gasoline and some are made by syn- 
thetic processes. Straight-run gasolines contain 
more normal and less branched-cham paraffin 
hydrocarbons, and branching is not extensive. 
Synthetic hydrocarbons such as the i^ooctanes 
in alkylates are absent in straight-run gasohnos 
and present in minor amoimts in corresponding 
cracked products. 


Table XLVII. — Structure and Octane 
Rating of Paraffin Hydrocarbons. 


Compound 

Structure. 

Octane 

ratinfi 

A S T.M., 
OFR* 
method. 

C 4 JJydrocarhons 
w-Butano 

t^oButane 

c c c c 

c c c 
c 

90 5 

97 0 

Cg Hydrocarbons 
Pentane 

i^foPentano 

c c c c c 

c cc c 
c 

61 0 

91 0 

nroPeiitane 

c 

cc c 
c 

93 0 

lliyhocmhons . 
a- Hexane 

2-Methy] pentane 

c c c c c c 

c c c c c 

c 

25 0 

73 0 

3-McUiylpcntane 

c c c c c 
c 

75 0 

2 3-J)iinoth^l- 
butano 

c c c c 
c c 

93 0 

2 . 2 -Dimethyl- 

butano 

c 

cccc 

c 

910 

C 7 Hydrocarbons 
a- Heptane . 

2-Methylhe\ane 

ccccccc 

cccccc 

c 

0 

45 0 

2 3-Dimethyl- 
pentane 

ccccc 
c c 

89 0 

2 2 -Dimcthyl- 
pentane 

c 

ccccc 

c 

93 0 

2 4-Dimcthyl- 
pentano 

ccccc 
c c 

82 0 

3 3 -Dimethyl- 
pentane 

9 

ccccc 

c 

84 0 

2 2 3-Trimcthyl- 
butane (tnp- 
tane) 

I 

c 

cccc 
c c 

100 f 


♦ A.S T.M. - American Society for Tcatiug Materials, 
C.F.R. = Co-operative Fuels Research. 
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Table XLVIII. — Structure and Octane 
Rating of Olefin Hydrocarbons. 


Compound 

Structure. 

Octane 

rating 

A S T M , 

C F H 
method 

Ethene . 

C.C 

81 

Propene . 

ccc 

85 

Butene- 1 

c c c c 

80 

Butene-2 

c c c c 

83 

Pentene-1 

c.cc cc 

82 

Pentene-2 

ccccc 

80 

Hexene- 1. 

c c c c c c 

62 

Hexene-2 

cccccc 

78 

Octeile-1 . 

C.C c c c c c c 

35 

Octeno-2 . 

c c cc c c c c 

55 


Table XLIX. — Structure and Octane 
Rating of t^oOcTENES. 


C’ompound 

1 

Structure 

Octane 

rating 

A S 1’ M , 

C F R 
method 

2 4‘4-Trimethyl- 

c c 

86 

pontene-1 

ccccc 

c 

2.3 3-Trimethyl. 

c c 


pcntene-2 

ccccc 

c 

89 

3 4 4-Trimethyl- 

c c 

ccccc 
^ 1 


pentene-2 

86 


Table L. — Structure and Octane 
Rating of fyc/o P araffins. 


Compound 

Structure 

Octane 

rating 

A S T M , 
CFR 
mctliod 

cycZoPentane . 

CHa 

CH, CH, 

1 1 

CHj — CHj 

85 

Methylcyc^opentano 

CHCH, 

CH. CH, 

1 1 

CHjj CHj, 

80 

[ 

Ethylcyc^opentane . 

CHCjHs 

(Ihj — <!;Hj 

55 


Table L. — continued . 


Compound 

Structure 

Octane 

rating 

ASTM, 

CFR 

method 

cycloHexane . 

CHa 

77 


c1h^\h„ 



<i^H„ CHj, 
''CH^ 


IMethycyciohexane . 

CHCHj 
c1^ ^Hj 

71 


(^Hj, (ilHj, 


Kthylcyc^ohexanc 

CH C.H. 

41 


(in,, diHj, 

cfC 



Table LI — Structure and Octane 
Rating of Aromatics 
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Tetraethyl-Lead, 

This compound is at present added to most 
gasolines in the United States to increase their 
octane ratings, the amounts used varying from 
0*5 to 3 0 ml. per gallon m commercial gaso- 
lines to as high as 4 6 ml. per gallon in aviation 
fuels. The susceptibility of gasohnes to im- 
provement in octarie number by tetiaethyl-lead 
additions vanes greatly Larger increases m 
octane number occur in the lower ranges, and 
less as the octane number increases. The sus- 
ceptibility also differs in different types of 
hydrocarbons, so that predictions of the exact 
effects of lead additions are difficult. The lead 
susceptibility of several gasolines, naphthas, and 


synthetio hydrocarbons with different amoimts 
of tetraethyl-leafl are given in Table LII.^®^ 
should be observed that the effect of a 1 ml. 
morease m lead decreases as the octane number 
rises. In the case of the East Texas natural 
gasoline, the first ml. addition raised the octane 
number from 70 to 78, while increases of 1 ml 
beyond 4 gave increases of only one octane 
number. Similar effects are evident in the other 
fuels. Iron pentacarbonyl is a good anti-knock 
agent, but it lacks requisite stability and its 
attempted use in continental Europe has not 
been successful. Aniline and some alkylamines 
act as anti-dotonants in gasoline, but rather 
large quantities are required. 


Table LII — Lead Susceptibilities. 

(A.S T.M., C F.R Motor Method Octane Number ) 



Tetraethyl-lead, nil per gal 

00 

1 0 

2 0 

3 0 

4 0 

r> 0 

6 0 

Natuial gasoline — Mid-Continent 

65 

74 

78 

80 

82 



Natural gasoline — East Texas 

70 

78 

83 

88 

91 

92 

93 

Straight-run naphtha — Mid-Con- 








tinent . . .... 

65 

73 

— 

79 

81 



vStraight-run naplitha — California 

70 

79 

83 

85 




Conversion naphtha — Iloudry 

77-78 

— 

— 

91-93 




Conversion naphtha — Reversion 

77-82 

84-87 

88-89 

90-92 




Conversion naphtha — T.C C. 

77-80 

— 

— 

92-95 

94-97 



Conversion naphtha — Hydro -form- 








ing 

75-80 

84 

86 

87 




High-octane hydrocarbons . 








Alkylates . . ... 

Hydrogenated polymers (selec- 

92 

+0 1* 

+ 0 3* 

+ 0 4* 

+0 5* 



' tive) . 

92-94 

103-106 1 

107-109 

110-112 

113-115 



^5oOctano 

100 

109 

112 

114 

118 



rteoHoxane 

94 

107 

112 

114 

117 



^5oPentano . . 

90 

99t 

lost 

105t 





♦ Matclu's isooctane plus * c c TEL per gal 
t Ehtiiiiatcd from blend data. 


Inhibitors, 

Nearly all marketed gasolines which contain 
high percentages of cracked products are stabi- 
lised by the addition of small amounts of anti- 
oxidants or “ inhibitors,” which retard the 
formation of olefin peroxides and thus the senes 
of chain reactions otherwise instigated by such 
peroxides which lead to the formation of gums 
on storage. 

Types of compounds found most effective in 
inhibiting the deterioration of cracked gasolines 
are phenols, aminophenols, amines, and the alkyl 
or aryl derivatives of these three groups. Much 
experimenting has been conducted to find com- 
pounds useful for inhibiting the deterioration of 
cracked products. Certain hardwood tar frac- 
tions containing substantial percentages of alkyl- 
phenols have been found to be useful. Butyl- 
aminophenols, benzylaminophenol, and pheny- 
lenediamines are examples of chemical com- 
pounds which have inhibiting action. The 
amounts of inhibitors necessary properly to 
jtabilise cracked gasolines against deterioration 


in storage are extremely small. In the case of 
the more active antioxidants it is seldom neces- 
sary to add more than 0-006% by weight of the 
gasoline, and often concentrations as low as 
0 001% are adequate. •These concentrations 
correspond to about 1 mol. of inhibitor to 40,000 
mol. of gasoline. The use of inhibitors has 
greatly advanced the cause of conservation of 
petroleum resources, since it has obviated the 
necessity of extensive chemical treatment of 
cracked gasolines, and conserved valuable anti- 
knock materials. About 75% of marketed gaso- 
lines contain inhibitors. 

The production and consumption of motor 
gasoline in the United States has increased 
enormously since the beginning of the century. 
Table LI 11 gives figures on the production of 
straight-run and cracked gasoline, and the 
total gasoline production from 1899 to 
1944.^®®' The data show that cracked 

gasoline began to be a factor in the total output 
in 1914 and that it exceeded the production of 
straight-run gasoline in 1940. 
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Table LIU. — ^Motor Fuel Production 
IN THE United States. 

(Thousands of Barrels ) 


Year 

StraiKht-rnn 

gasulino 

( 'racked 
gasoline 

Total * 

1899 

6,685 

0 

6,685 

1909 

12,865 

0 

12,865 

1914 

32,735 

2,028 

35,779 

1920 

9(),951 

16,140 

124,244 

1927 

175,000 

100,000 

316,500 

1940 

263,584 

294,365 

616,359 

1944 

269,482 

386,029 

744,075 


* Include 8 all other sources, natuial jjtasolinc, ben/ol, 
(‘tC * 


The figures on world consumption of motor fuel 
for 1939 are given in Table LIV.^®^ These are 
th(' latest fignies available m Januaiy, 194G 


Table LIV. — World (Jonsumption « 

OF Motor Fuel.^ 

(Thousands of Bands ) 


North Amciua ^ 

'Total 

United StatoH 

58(1,23 1 
555,509 

South Ameru a 

Total 

15,000 

Europe. 

Total 

152,197 

Afiica. 

Total 

9,409 

Asia 

Total 

19,141 

Oce.inia 

'J’ottll 

15,041 

VV'oild total . 

7!l8,7lr) 


(rt) Military ronsuniptioii not included, evtept in 
Tlniteil States 

(/>) Includes leLited luels natural gasoline, ben/ol, 
liowei alcohol, and synthetic mineral oils lioin (oal and 
shale ^ 

(() Includes Cential Amciiea 

The motor vehicle registrations for 1939 aic 
shown in Table These are the most 

recent figures available m January, 1941) 

Table LV. — ^V^olu.u Motor- Vehicle 
Registrations, bv Geographic Zones 


(As at December 31, 1939 ) 

Zqne, 


America, total 

. 32,924,187 

United States 

. 30,615,087 

Other Amenta 

2,309,100 

Europe 

. 9,463,293 

Africa . 

692,974 

Asia 

695,738 

Oceania . . . . 

1,200,808 

World total .... 

. 44,977,000 

Except United States . 

. 14,361,913 


Gasoline for Airplanes. 

Aviation developments had little effect on 
gasoline until the airplane became a factor as a 
war machine. In the First World War ordinary 
gasolme was used in airplane engines, and there 
was some use of casing head products The 
average commercial gasolme in that period is 
estimated to have been about 50 octane number. 
Until 1918 no aviation fuel was prodiued as 
such. In 1929 the octane numbers of aviation 
fuels ranged from 65 to 70.^®® In 1930 the United 
States Army Air Forces specified that aviation 
gasolme should have 87 octane number , and 
m 1935 the first army specification for 100 octane 
aviation fuel appeared. In 1937 fuel for the 
engines of United States pursuit airciaft was 
standardised at 100 octane rating. Fiom this 
time on, development of aviation fuels has been 
rapid, and the Second World War has seen the 
production of enormously increased quantities of 
100 plus octane fuels and those having ratings 
far m excess of this value. Prior to December, 
1941, the total production of 100 octane aviation 
gasolme m the United States was somewhat less 
than 50,000 barrels per day.^^® By the middle 
of 1944 production had increased to over 500,000 
barrels per day,^®® and super-fuels of well over 
100 octane rating in performance character- 
istics were used in the war effort. 

The advantages gamed m utilising fuels of 100 
plus octane rating are strikingly evident fiom 
the data given in Table LVI, which relate to the 
performances of airplanes similai to the Douglas 
DC-3 when using fuels of 87, 100, and 100 plus 
octane ratings.^®® 

Table LVI. 


Octane 

iiumbei 

1 

Ciuis- 
ing 
Sliced, 
111 p h 

Speed 

ot 

climb, 
50 Vk 
tako-ufl 
power, 
ft pci 
mill 

Ceding, 

It 

Take-off 

dis- 

tance, 

ft 

Tav - 
load, 
lb 

87 

17(> 

1,000 

22,.500 

2,400 

5,150 

100 

101 

1,425 

28,500 

2,500 

7,400 

iOO plus 

205 

1,825 

33,500 

1,750 

0,180 

1 


As the octane number increases from 87 to 100 
cruising speed increases 15 m.p.h , and as octane 
exceeds 100 another 14 m.p.h. is gained. The 
speed of climb m feet per minute increases ovei 
80% from 87 to 100 plus octane fuel, the ceiling 
rises from 22,500 to 33,500 feet, and the required 
take-off distance is reduced from 2,400 to 1,750 
ft. The payload increases by about 2 tons. 

Since airplane engines must function at desert 
temperatures over 66°c. (150°r.) and stratosphen' 
cold as low as — 56°c. (--70°f.), their fuels must 
have closely specified properties. The distil- 
lation range of the gasolme must insure ready 
volatility and the vapour pressure must bo low 
enough so that vapour lock is not encounteied 
Most specifications call for boiling ranges of 
about SS-ieS'^c. (100-325®f.) and 7 lb Reid 
vapour pressure. The freezing-pomt is specified 
as — 60°c. (— 76°f.). Special engine-test methods 
are employed m testing aviation fuels which 



PETROLEUM. 


383 


employ higher engine speeds, higher jacket 
temperatures, and greater spark advance than 
the test for motor gasoline. However, the 
British Air Ministry Test Method is substantiaUy 
the same as the A.S.T.M. motor method. 

Aviation fuel is substantially devoid of olefin 
hydrocarbons and consists of mixtures of tso- 
paraffin, aromatic and cycZoparaffin hydro- 
carbons obtained from various processes. These 
fuels are for the most part blends of gasoline 
from catalytic cracking, the so-called “ con- 
version ” naphthas from aromatisation pro- 
cesses, isoparaffins made by alkylating isobutane 
with olefins and known as alkylates, alkyl 



Supercharge Pressure (Inches Mercury Abs ) 
Fig. 37. 

aromatics, and special synthetics such as hydro- 
genated dimers of butylenes. A few straight-run 
gasolines from naphthenic crudes have suffi- 
ciently high octane numbers for use in aviation 
fuel mixtures, but their peicentage of production 
of 1944 was below five. isoPentane is added to 
practically all blends because of its high octane 
rating and its volatility to give the fuel a Reid 
vapour pressure of 7 lb. 

The highest octane rating constituents of 
aviation fuel blends are the so-called alkylates 
made from i^obutane and olefins, and alkyl 
aromatics. The alkylates include tsooctanes 
made by alkylating i^obutane with n- and % 80 - 
butylenes, wcohexane, and 2:3-dimethylbutane 
made by the interaction of wobutano and 


ethylene. The alkyl aromatics include wo* 
propylbenzene (cumene), and ter^.-butylbenzene 
made by alkylating benzene with propylene and 
wobutylene respectively. Alkylates have octane 
numbers varying from about 90 to 95, and high 
susceptibility to improvement by the addition 
of tetraethyl-lead. Cumene has a performance 
rating considerably greater than i50oetane 
Among the synthetics, the hydrocarbons of 
highest anti-knock property is triptane (2 2 3- 
trimethylbutane), which can be made by 
catalytic processes. This hydrocarbon has a 
performance rating much greater than 100 
octane number wooctane, and when treated w ith 
tetraethyl-lead and used in engines specially 
designed to utilise it fully, develops from 3 to 4 


Too High To A 

Measui p With t 

This Instrumentation^ 



C C C /Mjoctane 


Fig. 38. 

times as much power.^®^ The graphs m Figs. 37 
and 38 show interesting and important com- 
parisons between standard i^ooctane and trip- 
tane. Fig. 37 shows data on the performance of 
a number of fuels in a single -cylinder super- 
charged test engine. The graph shows a straight 
line relationship between supercharge pressure 
and mean effective pressure, the latter being 
proportional to the power output of the engine. 
The graph indicates that t^ooctane develops a 
mean effective pressure of 120 psi. at super- 
charge pressure of 36 in. of mercury, while 
triptane develops 180 psi. at 60 in. of mercury, 
an increase of 60%. t^oOctane with 3 ml. of 
tetraethyl-lead per gallon develops about 190 psi. 
pressure at 63 in. of mercury supercharge pres- 
sure, while triptane with the same addition of 
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tetraethyl-lead develops 320 psi., an increase of 
nearly 70%. These tests were run at 6 5 com- 
pression ratio for all fuels. 

The knocking characteristics of heptanes and 
of ^sooctane are ohov, n in Fig 38 in terms of their 
critical compression ratios, using a standard set 
of operating conditions in other respects This 
graph shows that the critical compression ratio 
of tnptane is 14 5 1, w^hile that of ^50octane is 
7 3 1. By the addition of 3 ml of tetracth^vl- 
lead per gallon, the critical compression ratio is 
raised to 11 3 for ^50octane and above 16 for 
tnptane. 

A twelve- cylinder Allison airplane engine has 
been operated on a 60% blend of tnptane in 100 
octane gasoline to give an output of well over 
2,600 h.p , although the rated take-off h p with 
the 100 octane gasoline is only about 1,500 
Tnptane containing tetraethyl- lead has shown 
four times the power and 26% gam in fuel 
economy over i^ooctane or 100 octane gasoline 
The precise gains depend upon the particular 
engine employed and the conditions under which 
it 18 operated 

Benzene and toluene produced by catalytic 
dehydrogenation of cyc/oparafhns are both em- 
ployed m aviation fuel blends on account of their 
inherently high anti-knock latings. ' 

In addition to hydrocarbons, eeitain other 
compounds have been tried as eomjionents of j 
aviation fuel Among these arc dn^opropyl 
ether, acetone, and methyl ethyl ketone. All of 
these compounds have high octane numbers and 
good lead susceptibility, but they give lower 
power outputs and arc unsuitable on acrount 
of their solubility m water. 

Table LVIl shows some typical compositions 
of 100 octane aviation gasolines, 


Table LVlI. — T ypical Compositions of 
100 Octane Grade Aviation Gasoline. 



1 

2 

3 

4 

5. 

0 

Straiglit - lun 
nai)litha, 05- 
75 octane No , 

/o 

,10 50 

30 .50 


30 40 

30-50 

30 50 

O(^nverbion nauli- 
tha, 76-82 oc- 
tane No , % 



40-00 

30-40 



woPentane, 91 
octane No , % 
wfoHexanc, 94 
octane N^o , 

10-15 

10 15 

10 15 

10-15 

10-15 

10-15 


20-30 





uoOctanes, (a) 
90-100 octane 
No , % 

40 00 

20-30 

30-10 

30-40 

30-50 

20 -.30 

Substituted ben- 1 
/ones (b)y 90 - 
100 octane No , 

0 / 

,0 


1 




5 20 

Benzene, 100 f 
octane No , % 





10-15 

Tctraethjl - lead, 
c c per gal , 
max . 

30 

3 0 

3 0 

3 0 

30 

30 

Gum inhibitor, 
lb per 6,000 
gal , max 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 


(a) Alkylates, alkylate gasolines, hydrogenated 
polymers 

ib) Cumene. lAobutylben/cne, etc 


An important development in increasing the 
efficiency of airplane engines involves the in- 


jection of small quantities of water or alcohol- 
water mixtures.! Remarkable bursts of power 
have been shown both m take-off and during 
flight when these mixtures have been injected, 
particularly in supercharged engines. The 
effects of alcohol-water injection aie probably 
duo to a combination of high latent heat of 
vaporisation and some function of specific heat. 
The cooling of pistons, valves, spark plugs, and 
the cylinder head itself suppresses detonation and 
pre -Ignition and permits higher powei outputs 
Carbon deposits are much softer and more easily 
lemovcd 

Apparently a number of different alcohols can 
be used, tests having been made with methyl, 
ethyl, and isopropyl. Such alcohols supply 
B Th U.’s Fifty-fifty akohol-wator mixtures 
appear to be most economical. 

The contiol of pressure rise and detonation 
shock by alcohol- water injection may enable the 
manufactuie of lighter high-compression engines. 
This may be useful m the design of light airplane 
engines. In the case of the engines on ground 
vehicles employing superehaigiiig, alcohol-watei 
injection will enable the engine to consume more 
dir at the same engine speed. 

The use of jet propulsion and gas turbines for 
airjilane engines is fix using attention on the typo 
of fuel best suited for these purposes. At the 
present time (1945), the fuel used in jet planes is 
koiosene, which must have a low fieozing-point 
for smtable operation under stratosphere con- 
ditions with temperatures below — 50''c. (—60°r.). 
While consumption m jet-propelled planes is 
higher than in gasoline poi^ered reciprocating 
engines, increased speeds more than compensate 
for increased fuel consumption in fighter planes. 
Off-setting the disadvantage of high fuel con- 
i sumption, jet-propelled planes have a number of 
advantages They have speeds much greater 
than that of any plane driven by a i eciprocatmg 
engine and propeller. Speeds of 700-800 m p h 
have been attained. They have a high degree 
of manoeuvrability at high speeds. Vibration 
is negligible, eliminating one cause of pilot 
fatigue. They are ready foi lake off 30 seconds 
after starting the engine, and function best and 
use less fuel at high altitudes The planes have 
fewer controls and instruments, and the engine 
IS lighter pel h.p. than the reciprocating engine 
The jel engine is simple and easily maintained. 

FI and V2 War Weajmns 

The German fly mg bomb known as the VI 
was driven by a jet reaction engine of simplest 
design, the only moving parts of which were flap 
valves in a forward grid. Gasoline was injected 
from iV-m openings into a compressed air 
chamber m w'hich combustion was started by a 
spark which was cut off when the engine was 
warmed sufficiently so that the fiiel-air mixture 
would prc-ignite. When the pressure m the com- 
bustion chamber dropped below a certain point, 
the flap valves were forced open by the forwarcl 
air picssure due to the bomb’s velocity, and a 
new' charge of air was admitted The frequency 
of the explosions was about 45 per second or 
2,700 per minute. The gasoline tank held 180 
gallons, and since the consumption was about 
1 gallon per mile in a time of 10 seconds, the 
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maximum travel was 180 miles in a time of 30 
minutes. The indicated fuel consumption per 
mile was about equal to that of a fully loaded 
bomber the engmes of which developed 6,000 h.p 
The bomb s^ieeds were between 350 and 400 
m.p.h. and they flew at an average elevation of 
2,300 ft. 

The V2 weapon was essentially a rocket in 
that it contained both fuel and oxygen necessary 
for its flight and was not dependent upon outside 
air. The projectile was launched vertically from 
a hard surface, such as a concrete platform. 
Two spherical containers held 7,500 lb. of 
alcohol and 11,000 lb of liquid oxygen, respec- 
tively, which were injected into a combustion 
chamber where they were ignited electrically. 
Concentrated hydrogen peroxide and calcium 
permanganate solutions were added to the com- 
bustion mixture to control the rate. The initial 
thrust amounted to about 26 tons. After about 
60 seconds of vertical flight the angle was shifted 
to 45° to achieve a maximum trajectory by such 
means as a time mechanism, or barometric or 
radio control. As fuel was consumed, the rocket 
became lighter and speeded up, owing to the 
constant thrust and decreased air density. The 
range was about 200 miles, with a maximum 
elevation of over 60 miles and a maximum speed 
of 4,500 m p.h. Since the speed when re-entei> 
ing the lower air strata was over 1,000 m.p.h , it 
was ultrasonic, and the bomb could not be heard 
before it had struck. One projectile used up 
8,000 lb. of fuel in its flight, the time between 
launching and impact being about 5 minutes 
This amount was equivalent to the 100-octane 
aviation fuel which would fuel a four-engine 
bomber loaded with 2 5 tons of bombs on a 
6-hour mission. 

Diesel Fuel. 

Diesel fuels are those used in engines in which 
the fuel IS directly injected into the cylinder and 
atomised prior to ignition and combustion 
Four types of engines fall into this category • m 
the first, air is highly compressed and fuel in- 
jected near the end of the compression stroke ; 


compression ratios vary from 13:1 to 20:1. In a 
second type a hot surface is used to assist 
evaporation and ignition of the fuel; com- 
pression ratios are from 7 1 to 10 1. A third 
type depends upon the injection of preheated 
fuel-air mixtures which are compressed and 
ignited by a spark; compiession ratios in this 
type are 4:1. A fouith type compresses air at 
a low ratio of from 5 1 to 7.1, the fuel lieing 
injected near the end of the compression stroke 
and Ignited by an electrical spark 

The diesel engine was originally designed to 
burn coal dust, but it did not prove successful 
operating on this type of fuel. The engines now 
m use burn oils of widely varying characteristics 
of the nature of kerosene to heavy residual tars 
from both crude petroleum and coal In the 
engines which use no spark ignition the auto- 
ignition properties of the fuel are of paramount 
importance. As a rule the more paraffinic 
hydrocarbon fuels ignite more readily and are 
therefore more suitable for these engines, al- 
though Ignition properties are not related to the 
combustion properties of the fuel High speed 
diesel engines are used m buses, trucks, many 
ships, and locomotives These operate most 
smoothly on paraffinic gas-oil distillate boiling 
from about 200° to 360°c. (392° to 662°f ). How- 
ever, blends of such oils with cracked products 
of the same boiling range, such as pressure distil- 
late bottoms or recycle stocks, can be used satis- 
factorily. The flash point is usually specified at 
66°c. (150°f.) minimum to avoid danger m 
handling. Suspended particles of water, sand, 
dust, iron, iron oxides, or fibres, should bo 
absent to avoid abrasion and possible plugging 
of small injection nozzles. 

In the larger and heavier low speed diesel 
engines employed in stationary power plants, 
much heavier and more viscous fuels can be 
used, such as residual fuels, oils, tars, and 
asphalts, since these engines operate at higher 
temperatures and higher compression ratios, and 
under heavier and more uniform loading. 

Committee D-2 of the A S.T.M. has classified 
diesel fuels according to viscosities as shown in 
Table LVIII. 


Table LVIII. — Diesel Fuels.* 


Design- 

ation. 

For 
engine 
speed, 
r p.m 

Flash 

(closed 

cup). 

Cetane 

Viscosity, 
Saybolt 
sec at 
38^0 
(lOO^F ) 

BS 

and 

W. 

Max 
sulphui, 
wt. %. 

Carbon 
residue, 
wt. %. 

Max 
ash, 
wt. % 

Distillation 

number 

90% 

End pt 



®c 

®F 







SSO^F. 


1-D 

over 

1,200 

38 

100 

40 

— 

0 05 

05 

0 05-10 

0 01 

700'’f. 

2-D 

1,200 

60 

140 

46 

32 6-46 6 

0 05 

1 0 

0 25-10 

0 01 

OSO^F. 

3-D 

600- 

1,200 

60 

140 

35 

65 

0 10 

1 5 

0 25 

0 02 

■— 

— 

4-D 

under 

600 

60 

140 

30 

140 

0 50 

20 

20 

0 10 




* Co-operative Fuel Research, A.S T M. Classification , Committee D-2 ; 1944. 


Diesel fuels are rated by their spontaneous 
ignition temperature, determined by dropping 
the fuel into a heated crucible and noting the 
temperature at which ignition occurs. The fuel 
with the lowest ignition temperature is best 
VoL. IX.— 26 


suited for use in light high-speed engines. Direct 
determinations of ignition properties are also 
made in engines of standard design by measuring 
either the critical compression ratio at which 
Ignition occurs or the ignition lag. The fuels are 
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compared with mixtures of 1-methylnaphthalene 
and either cetene or cetane, cetone being used in 
Great Britain and cetane in the United States. 
The percentage of either the olefin or the paraffin 
hydrocarbon present m the blend which shows 
the same ignition properties as the unknown fuel 
gives the cetene or cetane number respectively 
(v. Vol. VIII, 640c). For most diesel engines 
fuels of 35 cetane number and higher are satis- 
factory. 

The cetane numbers of distillate diesel fuels 
from crude oils vary between rather wide ranges, 
depending largely upon the predominance of 
paraffin or cyclic hydrocarbons respectively. 
The cetane numbers for several straight-run 
diesel fuels from American fields are shown in 
Table LIX.i®’ 


Table LIX. Cetane Numbers for Straight- 
Run Diesel Fi-els vrom U.S. Crude 
Sources, Arranged Geograthically. 




1 I yncs of crude * 







Cetane 






No 



P 

N 

A 


1 

rennsvlvaiiia 

85 

9 

6 

65 

2 

J*enns>lvaui.i 

85 

<) 

0 

02 

3 

Kentucky 

71 

12 

15 

52 

4 

Miohipcan 

8.1 

9 

8 

68 

5 

Michigan 

60 

15 

19 

56 

0 

Indiana 

74 

12 

14 

52 

7 

Illinois 

74 

12 

14 

52 

8. 

Mid-Continent 

75 

12 

13 

55 

9 

Kansas 

69 

14 

17 

59 

10 

Oklahoma 

75 

12 

13 

56 

11 

Louisiana 

80 

7 

4 

63 

12 

Gulf Coast 

75 

12 

13 

58 

13 

South 'I'exas 

47 

21 

32 

33 

14 

Houtli Texas 

45 

22 

33 

32 

15 

East Texas 

75 

12 

13 

55 

16 

East Texas 

70 

14 

16 

57 

17 

West Texas 

83 

9 

8 

64 

18 

West Texas 

()9 

14 

17 

48 

19 

West Texas 

07 

15 

18 

45 

20 

New Mexico 

58 

17 

25 

48 

21 

Rocky Mountain 

73 

12 

15 

51 

22 

Wyoming 

Wyoming 

California 

80 

10 

10 

68 

23. 

24. 

73 

69 

12 

14 

15 

17 

59 

47 

25 

California 

64 

16 

20 

45 

26 

California 

56 

18 

26 

41 


* The type of crude is defined by stating the approxi- 
mate amounts of the different types of hydrocarbons 
in the straight-run diesel fuel 

P = Paraffins, in % 

N = Nap}ithcnes, in % 

A Aromatics, in % 

A number of formulas for calculating indices 
of Ignition quality have been proposed. These 
principally used relationships between specific 
gravity, average boiling-point, aniline point, and 
viscosity. 

To increase the ignition properties of diesel 
fuels, use is made of special additives in amounts 
of 1-6%. 1®’ These compounds frequently 
render a fuel suitable for diesel use, which is 
otherwise below ignition specifications. A 
number of compounds have been tried as diesel 
fuel additives. These are listed below : 

(i) Aliphatic Hydrocarbons, — Examples of this 
class of Ignition accelerators are acetylene, ally- 
lene, divmylacetyleno, and butadiene. 

These compounds are relatively ineffective as 
ignition promoters when compared with the 


nitrates and peroxides, and consequently must 
be added in reasonably large concentrations. 

(ii) Aldehydes, Ketones, Ethers, Esters etc — 
These compounds may bo exomphfied by fui- 
furaldehyde, acetone, diethyl ether, ethyl 
acetate, nitroglycerin, and methyl alcohol 

They have an order of efiectiveness slightly 
greater than that of the aliphatic hydrocarbons , 
hoAACver, diethyl ether is excellent for starting, 
wheioas the other compounds are not. 

(ill) Metal Derivatives — Some examiiles of this 
group are barium nitrate, copper oleate, man- 
ganese dioxide, potassium chlorate, and vana- 
dium pentoxide 

In general, the effectiveness of those com- 
pounds IS just slightly less than that of tlu‘ 
aliphatic hydrocarbons and the peroxides 

(iv) Alkyl Nitrates and Nitrites and Nitto- 
compounds — Typical of this group are etli\ 1 
nitrate and ethyl nitrite. 

This class of compounds is highly effective in 
promoting ignition m the diesel engine, being 
exceeded only by certain of the peroxides. 

(v) Aiomalic Nitro-comp>ounds. — These may 
be exemplified by nitrobenzene or nitionaphtha- 
lene Their action is essentially the same, but 
they are less effective than the ethyl nitrates 
because of the stability of the aromatic ring. 

(vi) Nitration. — Nitration ot the fuel produces 
many compounds to which the nitrate group is 
attached. In general, they are less effective than 
the alkyl nitrates because of the low^er ratios of 
the weights of the nitrate group to those of the 
hydrocarbon portion of the compound 

(viii) Oximes and Nitroso-compounds. — Ex- 
amples of this group are formaldoxime and nitio- 
somethylmethane In general,.these compounds 
have an effectiveness approximately halfway 
between that of the aliphatic hydrocarbons and 
alkyl nitrates. 

(viii) Oxidation and Oxidation Products — 
Oxygen and ozone are two typical examples of 
the class of materials included in this section. 
Their effectiveness is relatively low and their 
action IS explained by the fact that the rate of 
oxidation is increased by the greater concentra- 
tion of oxygen. 

(ix) Peroxides — Acetone peroxide is the most 
prominent example of the peroxide class. It is 
slightly more effective than the alkyl nitrates, 
and therefore heads the list so far as effectiveness 
IS concerned. 

(x) Polysulphides — A representative of the 
polysulphido group is diethyl tetrasulphide. In 
general, the polysulphides have an effectiveness 
on the order of the oximes 

(ix) U nclassified, — This section includes various 
materials upon which information is insufficient 
to justify a separate section. Some of these are 
the halogens, sulphur and certain sulphur com- 
pounds, and the amines. The sulphur and sul- 
phur compounds have an action similar to that 
of the polysulphides, and all compounds with 
the exception of the thionitrates and thio- 
nitrites have an order of effectu eness similar to 
that of the polysulphides The thionitrates and 
thiomtrites, along with certain of the chloio- 
nitro compounds, e g., trichloronitromethane, 
are so effective that they rank with acetone 
peroxide. 
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The compounds principally employed as 
ignition accelerators are acetone peroxide, ethyl 
nitrate, and i^oamyl nitiate. The effect of add- 
ing different alkyl nitrates to a diesel fuel is 
shown in Table 

Table LX. — Cetane Improvement for 
Various Alkyl Nitrates. 

When 1*6% is added to a base fuel of 44 cetane 
number. 


A1K\1 nitrate 

1 Cc tano 
iiumbor, 
base fuel 
]>lH8 1 5% 
alk\l nitrate 

lucieaM^ in 
cetane 
nninbc ‘1 

Mixed amyl nitrates . 

63 

19 

w-Amyl nitrate 

67 

23 

7 i-Butyl nitrate 

63 

19 

tsoPropyl nitrate . 

61 

17 

Octyl nitrate . 

63 

19 

ci/c/oHexyl nitrate 

66 

22 

sec -Hexyl nitrate 

62 

18 

5ec.-Amyl nitrate 

64 

20 

450 Amyl nitrate 

65 

21 

w-Hexyl nitrate 

64 

20 


The diesel engine was proposed as a means of 
reducing fuel costs, since diesel fuels are less 
expensive than gasoline However, only limited 
amounts of oils are suitable foi use in light 
diesels, and these are oils wdiieh are in demand 
for charges to both theiraal and catalytic crack- 
ing, and for domestic heating. Increased 
demands for these oils will cause a price increase 
so that some advantage will be lost. The diesel 
engine is of heavier construction than the gaso- 
line engine and this initial cost must bo con- 
sidered in estimating any overall advantage. 

The h.p. of diesel installations in the United 
States as at January 1, 1939, is given in 
Table LXI.188 


Table LXI. — U S. Utesel Horse-Power 
Installed, by Uses. 


Industry 

Horse- 
pow er 

Tractors (agricultural and industrial) 

2,135,000 

General industry 

1,893,676 

Marine .... . . 

1,813,600 

Petroleum industry 

787,155 

Mobile (except railroads) 

771,100 

Municipal light plants 

650,000 

Public utilities 

500,000 

U.S. Navy and Coast Guard 

488,100 

Railroads . 

393,800 

Mines and quariies 

301,600 

Cotton gins .... 

226,800 

Ice plants 

219,800 

Irrigation and drainage . 

202,000 

Water works 

198,100 

Government institutions 

141,725 

Building industry 

43,430 

Total U.S. installaticms . j 

Cumulated exports 

Total U.S. diesels in use 

10,666,686 

610,800 

11,276,486 


Kerosene is also used for powder purposes as an 
internal combustion engine fuel, and the proper- 
ties required for this use are essentially different 
from those required in kerosene used as an 
illuminant The principal types of kerosene 
engines are the hot bulb and the spark ignition 
engines. In the former type of engine, kerosene 
should be employed with about 30% distilling 
below 200°c. (392°f.), and a final boiling-point 
of 300°c. (572°f.). As to anti-knock value, theie 
should be a balance between a highly paiaffinic 
kerosene which may cause too early ignition and 
a highly aromatic kerosene which causes a 
delayed ignition. 

In the spaik ignition engine the kerosene used 
should have at least 50% distilling below 200"c. 
(392°f.) and should be highly aromatic or 
aiomatised by addition of aiomatic concentiate 
to insure a relatively high anti-knock value. 

Tractor Fuel. 

A fuel largely used for farm tractors in the 
United States is a distillate corresponding to the 
higher boiling-pomt range of gasolines and the 
low'er boiling range of kerosenes While many 
tractors are equipped with diesel engines, a high 
pioportion aie of the spark ignition type and use 
these lighter distillates The principal reason 
for using this typo of fuel instead of gasoline is 
one of cost, since the tractor fuels aie not taxed 
in the United States, and this factor is mainly 
lesponsible for the low cost per acre of plough- 
ing 

Gasoline Substitutes. 

An oil shortage, brought about by the Second 
World War, caused a gasoline stringency in 
many parts of the world, paiticularly in Euiope. 
This called forth many proposals for the manu- 
facture of gasoline from other combustible 
materials such as coal, oil shale, lignite, and 
peat; for the substitution of alcohol and the 
use of natural gas, methane from sewage, acety- 
lene, hydrogen, ammonia, and producer gas. 
So far, all of the proposed substitutes have 
been generally more costly and less efficient m 
internal combustion engines, but their use has 
incieased in some sections of the world due to 
sheer necessity. War needs have accentuated 
the demands for motor fuels and have stimulated 
processes for the production of substitute gaso- 
Imes, particularly in European countries, which 
with the exception of Russia are poorly supplied 
with petroleum. 

The hydrogenation of i oal by the Bergius pro- 
cess, which operates at temperatures of 480°o. 
(900°f.) and pressures of 200 atm. or higher, 
produces the largest amount of non-petroleum 
gasoline in Europe. In 1940 the coal hydro- 
genation process produced 24,225,000 barrels of 
gasoline in Germany The Fischer-Tropsch 
process in which carbon monoxide is hydro- 
generated in the presence of catalyst produced 
11,136,000 barrels in the same year Later 
figures aie not available due to wartime restric- 
tions. 

Large amounts of benzol and light coal-tar 
distillates were used in Germany to increase the 
available supplies of motor fuel, the amount in 
1940 bemg over 6,000,000 barrels, while 600,000 
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barrels were used in France and 300,000 in 
Belgium.^’i Benzol has an anti-knock rating 
better than ^sooctane and is a valuable con- 
stituent of gasohne blends. 

Shale oils in 1940 accounted for about 
10,000,000 barrels of gasoline for European con- 
sumption. Gasolines from this source are highly 
olefinic and require chemical treatment and the 
use of inhibitors to stabilise them. 

The use of compressed hydrocarbon gases is 
common in Europe. For automotive transpor- 
tation, gases are used in flexible balloons under 
low pressure, and also in cybnders under pres- 
sures from 75 to as high as 5,000 psi. The higher 
the pressure the heavier the cylinders required, 
and considerable weight is added to the auto- 
motive vehicle. However, the use of hydro- 
carbon gases in this manner is extensive. Pro- 
pane-butane mixtures operate with good effi- 
ciency, those mixtures bemg a by-product not 
only of natural gas and petroleum refining, but 
of the coal hydrogenation and Fischer-Tropsch 
processes used in Europe. Some data in con- 
nection with the relative fuel values of com- 
pressed gases in relation to gasolme are shown in 
Table LXII.i^i 

Table LXII. — Compressed Gases in 
Relation to Gasoline. 


Gas 

Cvlimler 

weight, 

lb 

Pressure, 
lb per 
sq in 

Gas, 

lb 

Gasoline 

eciuiva- 

ient, 

U S. 
gal 

Propane-butane 

117 

75-150 

100 0 

18 0 

Methane 

115 

3,000- 

6,000 

3,000 

28 0 

4 56 

City gas 

155 

12 0 

18 


Ethyl alcohol is being used in a number of 
countries as an internal combustion engine fuel 
to supplement supplies of gasoline. The most 
frequent use is in blends with ordinary gasoline, 
although in localities whore gasolme is expensive 
alcohol IS sometimes used alone. The source of 
alcohol 18 most commonly the fermentation of 
vegetable materials such as gram, particularly 
corn, although its production from the fermenta- 
tion of potatoes, beets, black strap molasses and 
bagasse from cane sugar manufacture is also 
practised. Alcohol is produced commercially 
from ethylene obtained from cracking process 
gases. Ethylene is dissolved in sulphuric acid 
of 90% or higher concentration to form mono- 
and di-ethyl sulphates. The mixed esters are 
hydrolysed to produce ethyl alcohol, diethyl 
ether, and small amounts of other products. 
The reactions involved m this process are given 
below. 

CHatCHg-f H2SO4 -> CH3 CHa HS04 
Mono-ethyl sulphate 
2CH2:CH2+H2S04-> {CH3 CHa)aS 04 
Diethyl sulphate. 

CH3 CHa HS 04 +H 20 -h. 

CH 3 CH 20 H-f-HaS 04 

Ethyl alcohol 

The mono -ethyl ester is more readily hydrolysed 

than the diethyl compound. 


The amount of alcohol used as motor fuel is 
difficult to determine. The amounts used 
annually in certain European countries prior to 
the outbreak of the Second World War have been 
estimated as follows : 

Table LXIII. 


Country. 

Alcohol 

(barrels) 

Germany 

4,000,000 

France 

1,600,000 

Hungary 

80,000 

Poland .... 

100,000 

Italy 

345,000 

Lithuania 

50,000 


In China the need for motor fuel during the 
Second World War led to the cracking of 
vegetable oils to produce gasoline and diesel 
fuel. Such oils as tung, rape seed, cotton seed, 
soybean, and peanut were tned, with the greatest 
emphasis on the use of tung oil. The oils were 
destructively distilled with cracking of vapours, 
cracked liquid phase in the presence of catalysts 
such as aluminium chloride, lime, magnesia, and 
caustic soda, and saponified with later cracking 
of the soap and recovery of glycerol. Yields of 
200°o. (392 °f ) end-point gasoline distillate of 
from 16 to 30% were obtained, with an average 
of about 20%, based on the original vegetable 
oil. The gasoline distillate contained acrolein 
and was quite unsaturated, losses from 15 to 78% 
being encountered on treatment with sulphuric 
acid. The A.S T.M octane number was about 60. 

Countries deficient in gasoline supplies are 
using producer gas to power their vehicles. 
Many types of sohd fuels are used in gas gene- 
rators, either connected to or integral with the 
engines Table LXIV lists some of these 
according to source. 

»So extensive has the use of producer gas 
become that it has resulted in many localities in 
a shortage of the solid fuels themselves. In 
1938, Europe had about 9,000 trucks and buses 
in operation which depended upon producer gas 
for their propulsion, while in 1941 there were 
450,000 such vehicles registered, a 50-fold in- 
crease. In Russia the use of wood for the genera- 
tion of producer gas is discouraged because it 
is expensive and low in energy content. It is 
estimated that one tractor consumes annually 
the wood of 2i acres of forest, and although 
Russia has large timber resources, this would 
mean depletion of reserves. Charcoal is recom- 
mended because it is easily handled, has high 
heatmg value, and yields no resinous substances. 
Good charcoals have been obtained from dry 
distillation of wood wastes, pine pitch, stumps, 
wmdfalls, and slabs. Peat, sapropeles, and shales 
have been used directly. Semi- coked peat has 
been used effectively, and the distillation of peat 
tar which gives liquid fuel and lubricants reduces 
costs considerably. In some parts of Russia 
brown coal is used in gas-generating tractors. 
The cost in these installations is said to be about 
one-sixth that of gasoline, one-third that of 
wood, and from one-half to one-third that of 
charcoal. 
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Table LXIV. 


Kebosene. 


Wood. 

1. Charcoal. 

2. Wood (green or dried). 

3. Sawdust. 

4. Shavings. 

5. Chips. 

6. Waste. 

7. “ Generator.” 

Peat, 

1. Peat dried). * 

2. Peat (carbonised). 

3. Peat coke. 

4. Peat (briquet). 

Coal, 

1 Brown. 

2. Lignite. 

3. Anthracite. 

4. Coke (low temperature) 

5. Coke (high temperature). 

6. Coke (breeze briquet). 

Miscellaneous, 

1. Corn cobs. 

2. Flax waste. 

3 Lignin. 

4. Gram wheat. 

5. Coffee husks. 

6. Nut shells 

7. Cotton seed. 

8. Sugar cane (branches). 

0. Grape seeds. 

10. Straw. 

Apart from the inconvenience of charging, 
staitmg, and ash disposal, producer-gas pro- 
pelled vehicles attain a maximum speed of about 
35 m.p.h. on level stretches and can seldom over- 
come more than a 7% grade, while loaded trucks 
have difficulties with still lower grades The 
question of carbon monoxide poisoning has made 
necessary the imposition of regulations concern- 
ing the operation of generators. 

As a comparison of petroleum products with 
various substitute materials, the data in 
Table LXV show on a heat- content basis the 
relative volumes of various substitutes in equiva- 
lent barrels of ordinary motor gasoline. 

Table LXV. 

Equivalent 
barrels 
gasoline, 

60" A.P.I. 

. 107 

0 941 (assuming 75" 
‘ A.P.I natural 
gasoline). 

. 0 823 
0 730 
0 671 
0 607 

0 219 (assuming 1,150 
B Th.U. per 
cu. ft.) 

. 0*196 (assuming 1,009 
B.Th U. per 
cu. ft.) 

Manufactured gas (city gas) 0 103 (assuming 537 

B.Th.U. per 
cu ft). 

Producer gas .... 0 019 (assuming 100 

B.Th.U. per 
cu. ft.). 


One barrel 
Benzol . 
Natural gasoline 


Butane 
Propane 
Ethyl alcohol 
Methyl alcohol 
One thousand cubic feet . 
Natural gas . . 


Methane 


The word “ kerosene ” was originally a trade 
name for lamp oils produced from coal and oil 
shale and is an alternative name with paraffin 
oil (British) and coal oil (Amencan). Prior to 
the commercial production of these oils, many 
types of vegetable and animal oils and fats were 
used for artificial lighting, and explorations have 
shown that wick-fed lamps using these oils 
were common many thousands of years ago in 
Egypt 

Kerosene was the mainstay of the petroleum 
industry in the United States for about half a 
century, and all possible fractions wore blended 
to produce a maximum yield. Table LX VI 
shows the status of kerosene for the first four 
decades of the twentieth century. i’® 

Table LXVI. 


Year 

Percentage yield 
of kerosene 
fiom crude 

\nnual production 
(nullions of 
barrels) 

1899 

57 6 

33 

1904 

48*3 

67 

1909 

33 0 

60 

1914 

24 1 

63 

1919 

15*4 

55 

1924 

93 

57 

1929 

58 

53 

1935 

5*8 

65 8 

1942 

52 

70 

1944 177 

48 

78*5 


Kerosene is essentially a straight-run distil- 
late, the boiling range lying between gasoline 
and gas oil, although it may overlap both of the 
latter products. The initial boiling-point is 
sometimes as low as 128°c. (2G2°f.), and as high 
aa 180°c (35 G°f.), while its final boilmg-pomt 
may vary from 236® to 330®c. (465® to 572°r.). 
Like other straight-run products, kerosene 
distillates contain paraffins, naphthenes, and 
aromatics, and their physical and chemical 
properties depend upon the proportions, struc- 
tures, and boiling range of these hydrocarbon 
groups. Treatments of kerosene distillates to 
improve their burning properties are aimed 
primarily at the removal of aromatic hydro- 
carbons and a certain amount of the naphthenes. 

The United States Bureau of Standards, work- 
ing under an American Petroleum Institute 
Research Project, has separated a number of 
hydrocarbons boihng in the lower portion of the 
kerosene range, i e., from 146® to 230°c. (293® to 
44G°c.).^’® Those include n-nonane, w-decane, 
wodecanes, mesityleno, p^cwdocumcne, hemi- 
mollitene, propylbenzene, ethyltoluene, butyl - 
benzene, methylpropyl benzene, and naphthenes. 
Other compounds isolated from an aromatic 
fraction after freezing and centrifuging out 
normal paraffins were ; l:2;3;4-tetramethyl- 
benzene, naphthalene, 6:6:7:8-tetrahydronaph- 
thalene, 2-meihyl-5:C:7:8-tetrahydronaphtha- 
lene, 1 -mcthyl-5:6.7:8-tetrahydronaphthalene, 2- 
methylnaphthalene, 1-methylnaphthaIene. These 
hydrocarbons represent about 20% of the distil- 
late fraction analysed. The remainder of .the 
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compounds are parafl&ns and naphthenes which 
have not yet been isolated and identified as 
individual compounds Other workers have 
found dime thy hiaphthalene, ethyl xylene, and 
^-oymene The untreated kerosene distillates 
may contain as high as 40% of aromatic 
hydrocarbons. Both sulphur and nitrogen com- 
pounds arc present. Total sulphur ranges from 
0 02 to 0 1% and nitrogen compounds are pre- 
sent in distillates from nitrogen- containing 
crudes, such as those from California, Galicia, 
Rumania, Russia, and Japan. Several types of 
organic acids occur ; paraffin carboxylic, mono- 
cyclic, and bicyclic acids being present in 
amounts varying from 0 1 to 2 0%. 

Specifications for kerosene are closely bound 
with the design of the lamps in which it is to l>e 
used The specific gravity of most kerosene 
vanes from about 0 775 to 0 850 (51 to .35 
A P I.) Colour vanes from water-white to a 
light green or yellow, although colour alone is 
no indication of burning properties. The flash 
point is the most impoitant property of kero- 
sene from a safety standpoint, since this test 
indicates the tempcratuie at which explosive 
quantities of vapour are foimod Flash-point 
specifications vary from about 24® to (HFc (75® 
to 150®F ). 

The viscosity of kciosene is an important 
property which determines the rate of feed 
through the wick The most important tests foi 
kerosene are those using lamps, which indicate 
the suitability of the product for use as an 
illuminant. In those tests the developed candle 
power of the oil is determined per unit of oil con- 
sumed, the wick IS examined after a test to 
notice deposits which may encrust it and inter- 
rupt the flow of kerosene to tho flame, and the 
chimney is examined for deposits which lower 
the luminosity. Tho (wndlo pow'cr developed 
by a given lamp depends upon the unit lumi- 
nosity of tho flame and the height which can be 
used without smoking A kerosene wuth a high 
percentage of aromatic and naphthenic hydro- 
carbons gives a more intensely luminous flame 
but smokes sooner as the flame is increased, 
while a highly paraffinic kerosene gives less light 
])er unit flame area but permits a higher flame 
before smoking occurs 

The smoko point of kerosenes is determined in 
small test lamps, the flame being turned up until 
smoke appears at the tip when the height of the 
flame is noted as the smoko point. By this test 
an idea of the hydrocarbon composition of the 
oil is obtained and an indication of its smoking 
t(‘ndencies in ordinary flat wick and circular 
wick lamps A paraffinic kerosene will give a 
high flame without smoking, while one con- 
taining a high percentage of aromatic and 
naphthenic hytlrocai bons will give a much lower 
flame before smoke appears. 

Table LXVTl shows results obtained with a 
paraffinic kerosene to which different percent- 
ages of a highly aromatic kerosene extract were 
addod.i7« 

Highly refined and good burning kerosenes are 
needed not only for domestic lighting, but in 
railway signal lamps, lighthouses, and in in- 
cubators and brooders, places where any inter- 
ruption of tho illumination or heating is 


Table LXVII. 


% piiaflinic 
kciosene 

% aromatic 
extract 

Smoko point, 
mm 

100 

0 

32 

95 

5 

29 

90 

10 

26 

85 

15 

22 

80 

20 

20 

70 

30 

14 

00 

40 

10 


especially disasiious. Kciosoiie heating and 
cooking stoves are still widely used For these 
special uses the flash point should be high to 
eliminate dangers of explosion, and the viscosity 
should be low to insure uniform feed rates, oven 
though tho oil level vanes considerably A 
heavy kerosene known as “ mineral seal oil ” is 
used as a coach and ship illuminant, and as a 
gas absorption nil 

Gas Oils, Furnace 0ns, and Residual 
Fuels. 

Gas oil IS the term broadly applied to petroleum 
distillates which distill between kerosene and 
lubiK ating oils The boiling lange of such distil- 
lates vanes widely, tho initial boiling-point being 
sometimes as low as 180®c (355° k ) and the end 
point being fiequontly as high as 45()®c. (842®r ). 
Most gas-oil distillates overlap the higlioi boiling 
range of kerosene, and tlu^ amount leeoverocl 
from xarious petroleums dcpimds upon thi^ 
method of distillation and the amount of koio- 
seiio produ(‘cd The term gas oil has been 
broadly applied to these distillates because of 
their use in caiburetting water gas to raise its 
heating and illuniinating value However, they 
are widely used as domestic fuel oils and are in 
demand as cracking-plant charging oils, par- 
ticularly in catalytic cracking operations. 

In the gas industry, gas oils are cracked at 
high tempcratuies of the order of 725-775®(' 
(l,337-l,427®r ) to produce gas mixtures which 
are blended with water gas to give the required 
heating and illuminating chaiac tenstics 
Gas-oil distillates vary in specific gravity from 
about 0 9042 to 0 8498 (A I gravity 25-35), 
although most are included m the range from 
0 8762 to 0 8498 (A P I. gravity 30-35). Th(‘y 
are usually too viscous for satisfactory lamp oil 
and not visgous enough for lubricating oils. 
Many contain paraffin wax and show a relatively 
high solidification tempeiature They vary in 
colour from a straw yellow to dark red, and some 
exhibit greenish or bluish fluoiescencc. Some 
made by the distillation of asphaltic crude oils 
contain colloidal asphaltic pai tides which pre- 
cipitate on standing or coagulate in contact with 
a small amount of sulphuric acid 

Limited data on the hydrocarbons present in 
gas oils show varying amounts of aromatics, 
naphthenes, and paraffins but generally no 
olefins High carbon to hydrogen ratios in 
heavier gas-oil fractions combined with uii- 
saturated tests with halogens indicate that olefin 
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hydrocarbons are absent, and lead to the con- 
clusion that the hydrocarbons present are poly- 
cyclic aromatics or their partially or completely 
hydrogenated derivatives. Typical compounds 
which are probably present in gas-oil fractions 
are acenaphthene, b p. 277°c. (630 °f ), fluorene, 
b.p 295°c (563 ®f.), a completely hydrogenated 
phenanthrene, b p. 274°c. (526 °f.), and paraffins 
such as isomeric triacontanes. 

In Table LXVIIl the names and formulas of 
hydrocarbons indicated in gas oils arc given, 
which show that in all cases the ratio of carbon 
to hydrogen is greater than that required by the 
formula CnH^n» the overall formula for cither 
naphthenes or mono-olefins. 


Table LXVIIl 


Hydrocarbon 

Formula 

Acenaphthene 

^12^10 

Fluorene ... 


Perhydrophenanthrene 

^11*^24 

Porhydrochrysene . ' * 

^18^30 


In rating distillates for their value in im- 
proving water gas or other low heating-value 
gases, the most direct method involves passing 
the gas oil through a cracking tube at a tem- 
perature of about 760°c. (1,382°f ) under atmo- 


Table LXIX. — Charaoteristios of Three Samples of Gas Oils. 



1 

2 

3 

Colour 

Dark biowii 

Brownish-gi een 

Dark brown 

Sp gr 

0 8493 

0 8745 

0 8628 

APIgr. 

:{r> 1 

30 3 

32 5 

Hydrocarbon analysis (% by vol ) • 




Paraffins . 

73 0 

44 fi 

45 0 

Olefins 

14 0 

44 

26 0 

Naphthenes 

9 0 

43 0 

19 0 

Aromatics 

40 

80 

10 0 

Distillation test 




Initial b.p. 

19Uc.; .37r)°F 

190"(^ , 37t°> 

189°c ; 372 °f 

End bp . . 

404"c., 7b0'’i 

379\' , 7LP’i 

436^0.; 817°f. 

% by vol • 




Lamp oil, 160-315‘’<^ (302-599^f ) 1 

78 8 

85 5 

60 0 

Heavy oil, above 315°c (599 °f.) 

20 9 

14 3 

38 0 

Clacking test • 




Optimum temperature 

718-750^0 

742-760^^0 

742-769^0 


1,330-1,390> 

1, 380-1, 410°f. 

1,380-1,425°f. 

Ffficioncy, B Th U per gal 

104,000 

96,500 

101,500 

Cu ft oil gas per gal 

59 5 

60 5 

58 0 


sjihenc pressuie and determining the volume of 
gas produced and its heating value. Table LXIX 
includes the properties and the results of clack- 
ing tests on thieo typical gas-oils, which indicate 
that the oil containing the highest percentage 
of straight- chain hydrocarbons produced the 
highest yield of heat units per gallon of oil 
cracked. 

There are no well-established specifications for 
gas oils involving gravity, flash point, viscosity, 
hydrocarbon composition, and heating value. 
Some specifications require less than 0 5% total 
sulphur in order to reduce the amount of purifi- 
( at ion neccssaiy in the caibuietted gas. 

Furnace Oils. 

Gas-oil distillates are also in demand as light 
furnace oils for domestic heating and as diesel 
fuels In 1934 about 54,000,000 barrels of 
distillate fuels were used for domestic heating in 
the United States, and in 1941 the ^gure had 
increased to 121,000,000 barrels. The con- 
sumption of these distillates as diesel fuels in 
1934 was 12,700,000 barrels, and in 1941, 
27,700,000 barrels.i ®2 xhe recent large increase 


in catalytic cracking to make high octane avia- 
tion stocks has increased the demand for gas-oil 
distillates to be used as charging oils for the 
catalytic processes wdiich operate best on these 
distillates. In 1946 the daily charge to catalytic 
cracking plants in the United States was one 
million barrels, practically all gas oil. This has 
reduced the domestic heating oil consumption 
appreciably. Recycle stocks fiom cracking pro- 
cesses, both thermal and catalytic, have about 
the same boiling ranges as the gas-oil distillates 
produced in straight-run crude distillation. 
These stocks, however, contain high percentages 
of cyclic hydrocarbons, both naphthenic and 
aromatic, and hence are refractory and carbon - 
forming when further cracked, so that they do 
not constitute the best charging stocks for 
catalytic cracking plants However, they are 
suitable for use as furnace oils and may supple- 
ment straight-run distillates used for this 
purpose. 

Residual Fuel Oil. 

The residual high-boiling liquid products from 
the primary distillation of crude oil or from 
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cracking plants have thus far found their 
principal use as industrial fuel for steam raising 
and other heating While some of the 

lighter more paraffinic crude oils, such as those 
from Pennsylvania, yield residues which can be 
worked into waxes, petrolatum, and lubricants, 
the bulk of the residues from crude-oil distil- 
lation are black and asphaltic in character and 
suitable only for fuel or for cracking in specially 
designed plants wherein they produce, in addi- 
tion to gas and gasoline, extremely heavy 
asphaltic residuum or coke. Heavy fuel oils are 
usually burned by atomising them into a com- 
bustion chamber with air or steam. In order to 
prevent clogging of pump valves and burner tips, 
they should bo low in suspended carbonaceous 
material. A low content of mineral sediment 
prevents erosion of burners and fittings. The 
pour point should be reasonably low to prevent 
solidification on storage. The A.S.T.M. gives 
specifications for different types of fuel oils 
(Table LXX). 

Lubricating Oils. 

These are made from the portions of 
petroleums boiling at higher temperatures than 
gas oils, so that to avoid decomposition the 
primary lubricating oil distillates are produced 
under sub-atmosphenc pressure or its equivalent 
using steam. The principal requisites of 
lubricating oils are ; ( 1 ) Suitable viscosity , 

(2) ability to retain viscosity at elevated tem- 
peratures; (3) stability under service con- 
ditions ; (4) freedom from gummy, adhesive, or 
abrasive materials ; (6) sufficiently low cold- 
test ; (6) proper flash point. 

Petroleums yield vaiying amounts of distil- 
lates from which commercial lubricants can be 
prepared by sulphuric acid treatment, solvent 
extraction, de-waxing, filtration through or con- 
tact with absorbents such as fuller’s earth or 
granular chars, and the use of additives such as 
pour-point depressants. Some petroleums of 
low specific gravity contain high proportions of 
gasolines and have only small value as a source 
of lubricants, while others are of use principally 
for lubricant manufacture Some data are given 
in Table \TI on the yields of lubricating oils from 
miscellaneous petroleums. 

Moie details on processes involved in lubn- 
cating-oil manufacture, their chemical com- 
position, the use of additives to improve their 
properties, their methods of testing, the 
mechanisms of fluid and boundary lubrication, 
and the nature of frictional forces are found 
under the heading of Lubrication and Lubri- 
cants (v Vol. VII, 385d). 

Paraifin Wax (v. this Vol., p. 

Many petroleums contain dissolved solid 
paraffin hydrocarbons, the amount recoverable 
from crude oils being as high as 3% by weight. 
These hydrocarbons comprise both n- and iso- 
paraffins containing from about 15 to 35 carbon 
atoms per molecule They occur in highest 
percentages in petroleums of the paraffinic type, 
m diminishing percentages through mixed base 
crudes, and in low quantities in the heavier 
asphaltic oils. The presence of these waxy 


materials restricts the flow of many crude oils 
in the ground and accounts for the deposits of 
the so-called rod wax on pump rods. Waxy 
materials frequently settle to the bottom of 
crude oil storage tanks, particularly if the 
temperature of storage is lower than that of the 
oil underground.^®® 

Solid paraffin hydrocarbons are distributed in 
the gas-oil and lubricatmg-oil fractions of crude 
petroleums, some of these fractions, usually high- 
bofling gas oils or lighter lubricants being called 
paraffin or wax distillates. Where wax is a 
desired product the primary crude distillation 
IS conducted so that a distillate containing a 
relatively high percentage of wax is recovered 
for processing Some paraffin distillates may 
contain 25% or higher of paraffins solid at 
ordinary temperatures. 

The manufacture of refined white paraffin wax 
from petroleum involves a number of steps. If 
the distillate is from a paraffinic crude and sub- 
stantially free from asphaltic or tarry con- 
stituents, the process of wax manufacture is 
relatively simple If asphaltic materials are 
present, they are removed by sulphuric acid or 
absorbents such as fuller’s earth m a preliminary 
treating stage. For a long time it was con- 
sidered necessary tore-run and slightly crack the 
paraffin- containing distillates in order to crystal- 
lise the paraffin and render subsequent separa- 
tion easier. However, later developments have 
cast some doubt on the necessity of this step. 
The wax distillate is refrigerated to bring its 
temperature to about —12 to —9*^0. (10 to 15°F ) 
and filter pressed, a wax cake being collected 
between canvas -covered perforated steel plates. 
This so-called “ slack wax ” may still contain as 
much as 30-40% oil. Pressed oil from the filter 
may be further processed at successively reduced 
temperatures to obtain more complete separa- 
tion of the original wax. The “ pressed distil- 
late ” from which the paraffin has been removed 
IS used as a base for the manufacture of low cold- 
test lubricants. 

To remove the oil from the “ slack wax,” it is 
subjected to a “ sweating ” operation as follows : 
The “ sweater ” is a large shallow pan from 16 to 
20 ft. square and about a foot deep. It contains 
a supported horizontal screen a few inches above 
the bottom of the pan and a flat horizontal pipe 
coil Above the screen. The pan contains water 
to a depth sufficient to just submerge the screen. 
The “ slack wax ” is melted and pumped onto 
the water layer and solidified to a cake by pump- 
ing a refrigerating liquid through the pipe coil. 
The lower layer of water is then drawn off and 
the wax cake settles onto the screen. By slowly 
raising the temperature of the room containing 
this “ sweater,” the wax cake is slowly and uni- 
formly heated so that the oil drips or “ sweats ” 
from the cake of wax crystals. The recovered 
oil from this step is known as Foot’s oil. It con- 
tains some paraffin and may be reprocessed with 
original paraffin distillate. 

After the removal of the oil by “ sweating,” 
the wax is romelted and subjected to finishing 
treatments which may involve percolation 
through bone black or fuller’s earth, contact clay 
treatment, or treatment with sulphuric acid. 
Most marketed paraffin waxes contain less than 
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1% of oil and the average is not more than 0*3%. 
The melting-point of a wax depends upon its oil 
content and the boiling range of the wax distil- 
late from which it was made Grades of wax 
are marketed having melting-points at 3°r 
(5°f.) intervals from 38® to 66°c (100® to ISO'f ). 
Those melting below 49”c (120°f.) are soft 
waxes and those above 54°c. (130°f.) are 
generally classified as hard waxes. Intermediate 
grades include melting-points between 49" and 
54°c. (120° and 130°f ). The melting-point of 
paraffin wax is readily determined by Stirling 
the molten wax with a thermometer bulb, and 
noting as the wax cools the temperature at 
which a lag in the rate of cooling occuis 
An important modification in paraffin wax 
manufacture involves the use of liquid propane 
as a solvent.^®® The paraflin-eontaming distil- 
late IS dissolved in liquid propane under pressure 
at atmospheric or slightly elevated tempeiaturc 
Asphaltic materials are insoluble and an* jireci- 
pitated and removed by settling so that a solu- 
tion of purified paraffin wax in piopane is 
obtained Cooling and separation of wax is 
brought about by evaporating pait of the pro- 
pane, or the solution may be cooled by heat 
exchange with a refrigerating liquid The wax 
precipitated at the i educed temperature may be 
removed by settling, but better by prcssuie 
filtration. The oil dissolved in the propane 
after separation of the wax is lecoveiecl by 
distilling off the propane “ Sweating ” of the 
filtered wax is usually unnecessary to produce a 
product of low oil content. 

Other solvents which are used in wax manu- 
facture are acetone-benzol mixtures and chloio- 
ethylene compounds Using the latter type, the 
wax IS loss dense than the oil-solvent mixture, 
which can be removed by centrifuging 
IVtiolatums arc mixtures of solid paraffin 
hydrocarbons and viscous oils They were 
first manufactured from parafiin-base Penn- 
sylvania oils, but are now obtained from other 
crude oils by partial centrifugal dewaxing of 
VISCOUS distillates produced by vacuum distil- 
lation The solid hydrocarbons in petrolatums 
are micro-crystalline and constitute from 10 to 
15% of its w'eight. Petrolatums are sometimes 
made by melting paraffin waxes with highly 
refined lubricating oils or medicinal oils. 

By the solvent extraction of the oil in petrola- 
tums, micro crystalline waxes are recovered 
which have higher melting-points than those 
obtained by other processes. One marketed 
grade molts at 77-79°c. (170-175°r), and 
another at 88-9 Pc. (190-195°f ) These waxes 
are flexible at extremely low temperatures and 
resistant to moisture so that they are used 
extensively in packaging, in airplane wing de- 
icing, and the impregnation of footwear 
Refined paraffin waxes for coating and sealing 
purposes are colourless, odourless, and tasteless 
They find extensive use m candle manufacture, 
in waterproofing paper, leather, and textiles, in 
food preservation, m electrical cables, con- 
densers, and switches, as insulating materials, 
in polishes and in physiotherapy 
Natural or mineral waxes include ozokerite, 
and montan wax, the latter being extractable 
from lignite by means of solvents. Constituents 


of ozokerite have melting-points varying from 
60 to 93®c. (140 to 200°f ), while montan waxes 
melt from 77 to 93°c. (170 to 200°f.). Refined 
ozokerite is sold under the name of “ Ceresin ” 
It IS presumed that mineral waxes were filtered 
from petroleums migrating through porous 
stiata. 

Asphalt. 

The word asphalt has its oiigin in ancient 
Babylonia Oiiginally it meant “firm, stable, 
or secuie,” and was evidently descriptive of the 
use of the mateiial as a cement To-day the 
tcim as], halt is a})plied to minerals or petroleum 
residues liavmg a pitchy, tarry, or adhesive 
chaiacter which are solid or semi-sohd, browui or 
black, low-volatile hydrocarbon mixtures fusible 
on heating This definition includes many 
natural and manufactured materials which are 
used as binders in road or building aggregates, 
or as waterproofing and scaling materials in roof 
coverings and paints It excludes materials 
made from wood tai, coal tar, and shale tar, 
although uses of these latter tars and pitches may 
overlap the uses of pcti oleum asphalts ^®® 

Natural asphalts contain varying amounts of 
mineral matter, fiom traces to as high as 50%. 
Crystallisable paraffins are usually absent 
Oxygen rarely exceeds 5%, and nitrogen is 
seldom present in amounts over 2%. 

The origin of natural asphalts is presumed to 
bo the same as of li(pnd peti oleums, the asphalts 
being lesidues left after the evaporation of the 
lighter poitions of liquid oils. Natural asphalts 
occur in widi'ly separated localities. There were 
many seepages and pits in ancient Pcisia and the 
areas arouml the Black, Caspian, and Red Seas. 
The working of these surface deposits furnished 
asphalt for building and road construction, and 
also the waterproofing of boats There are 
definite indications that asphalt was used by the 
Sumerians as far back as 3000 n c The Egyp- 
tians used asphalt to mummify then kings and 
important personages. Streets in ancient Baby- 
lon were made by setting stones in asphalt, and 
the floors of many temples are still intact 

The most famous source of natuial asphalt is 
the Pitch Lake of Trinidad, which was first 
described by Sir Walter Raleigh after a visit to 
the lake in 1595. The Asphalt Lake covers an 
area of about 100 acres in the crater of an extinct 
mud volcano Borings have shown an asphalt 
of uniform composition to a depth of 285 ft. 
The asphalt is emulsified with water and fihe 
clay, the inorganic matter constituting 35 to 
40% by w^eight of the mass. A similar but 
smaller lake occurs in north-eastern A^eneziiela 
and 18 known us Bermudez Pitch Lake. It 
covers an area of about 900 acres and the asphalt 
has an average depth of about 4 ft 

There are several natural asphalt deposits in 
the United States Gilsonite occurs in Utah and 
Colorado in veins which extend for a total 
distance of about 60 miles. A vaiiety known 
as Grahamite occurs in West Virginia, this 
material resembling several similar deposits in 
Cuba, South America, and Trinidad. The tar 
sands occurring in the Canadian province of 
Alberta contain a soft asphaltic material im- 
pregnating a loose sandstone. The total 
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asphaltic content of these sands has been 
estimated to be between 100 and 250 bilbon 
barrels, constituting an enormous reserve of 
hydrocarbons. Owing to the thick and sticky 
character of the tar which is separated from the 
sand, the recovery of the hydrocarbon material 
involves mining and displacement by means of 
hot water. 

Artificial or manufactured asphalts are ob- 
tained as residues in the distillation of asphalt- 
containing petroleums. The crude oils are first 
fractionated in the usual combination of heated 
pipe coil and fractionating column to distil off 
gasoline, kerosene, and gas oils The residue 
from this primary step is subjected to further 
distillation in similar equipment, which is main- 
tained under redu(‘cd piessure to prevent decom- 
position or cracking of the heavier portions of 
the crude Ilnder these conditions lubricating 
oils are distilled and an asphaltic residue is 
obtained, the consistency of which will increase 
with the amount of material volatilised. The 
consistency of asphalt varies over wide ranges 
Some are so hard and brittle that they are 
readily ground to powder. The lighter asphalts 
exhibit fluid flow at ordinary temperatures, 
even though they may appear solid. Between 
these grades there are asphalts of varying 
degrees of hardness, fluidity, and plasticity, so 
that a largo number of grades are available 
which can be adapted to almost any service. 

Asphalts are readily hardened and their melt- 
ing-points are raised by controlled oxidation or 
by the action of sulphur. In the first case, 
oxidation, dehydrogenation, and condensation 
reactions occur with elimination of water and 
low boiling aliphatic and naphthenic acids. 
When sulphur is used, a certain amount reacts 
and some is converted to hydrogen sulphide and 
various sulpho-acids. In the manufacture of 
oxidised, high melting-point asphalts for roofing, 
it is common practice to blow air through an 
asphaltic residuum at a rate which maintains the 
temperature of the mass of asphalt without other 
heating, the rate of oxidation for this purpose 
usually Ix'ing sufficient at temperatures above 
204°c (400 °f.). Steam may be employed along 
with the air to control the oxidation late and to 
assist in vaporising the products of the oxidation 
reaction 

Many tests aie applied to determine the 
Iihysical and chemical characteristics of asphalts. 
One of the most important measures of consist- 
ency IS the penetration test, in which a weighted 
needle of standard dimensions is allowed to sink 
into a test sample at a standard temperature for 
a fixed time Hard and brittle asphalts may 
show a zero penetration by this method The 
types used in road aggregates vary from 10 to 
around 100 mm penetration, depending upon 
the service and climatic conditions. Asphalts 
of over 100 penetration merge into oily materials 
which are used for light road surfacing and dust 
laying. 

The melting- or softening-pomt of an asphalt 
IS not as sharp as those characterising pure sub- 
stances, and is determined by several alternative 
methods. Melting-points of soft asphalts vary 
from 38 to 66°c. (100 to 150°r.). Some of the 
harder natural and manufactured varieties may 


have melting-points as high as 260®o. (500®P.), 
as in the case of oxidised or sulphurised 
materials. 

Another important test which gives indications 
as to the binding properties of an asphalt is the 
ductility test, in which a small briquette is 
pulled apart and the extension is noted at which 
a break occurs Ductility tests are usually made 
at 25°c (77°f.). For details A S.T M. test 

method D-1 13-35 may be consulted Ductility, 
measured in centimetres of extension before 
breakage, varies from zero in hard, brittle, high 
melting-point asphalts to over 100 cm for many 
softer varieties, 100 cm being the usual limit of 
test machines. 

Other tests employed in lating the consistency 
of asphalts include tests in which the rate of flow 
of a small portion of asphalts in an inclined metal 
channel is noted Attempts have been made to 
measure directly the adhesive properties of 
asphalts In such tests, asphalt is placed in the 
annular space between a horizontal rod and a 
co-axial sleeve, and the relative adhesiveness 
determined by noting the force necessary to 
twust the sleeve. Such tests are difficult to chock 
and correlate with actual service and have not 
found general acceptance 

The majority of natural asphalts have specific 
gravities varying between 0 05 and 1*15, al- 
though a few Giahamitcs have values as high as 
1 20 Residual asphalts m the distillation of 
petroleum have specific gravities in about the 
same range as the natural asphalts, depending 
upon their consiatency, which in turn depends 
upon the extent of the distillation practised on 
the crude petroleum from wdiich they are made ; 
whether vacuum or steam was employed or 
whether air-blowing was practised to raise the 
melting-point. 

Evaporation tests are conducted to determine 
the percentages of material volatile at 163- 
204V (325-4()0°r ), and the reduction m pene- 
tration which occurs after such evaporative 
tests 

The surface appearance of an asphalt may give 
indication as to its charactci A material free 
from large amounts of mineral matter or paraffin 
will have a smooth black reflecting suifacc, while 
large amounts of mineral matter will dull its 
lustre; paraffin tends to give the suiface a 
mottled and waxy appearance. Mineral matter 
18 not always objectionable, particulaily in 
natural asphalts, Init the presence of large 
amounts of paraffin tends to lower adhesive 
properties 

Asphalts are arbitiarily differentiated by their 
solubility in different liquids. Mincial matter is 
insoluble in carbon disulphide. The so-called 
“ carbenes ” or heavy coke-like particles are 
insoluble in caibon tetrachloride. Components 
known as asphaltenes are soluble in carbon tetra- 
chloride but insoluble in light paraffin naphtha 
having a specific gravity of 0 650 (A P 1. gravity 
about 86) “ Carbones ” are generally low in 

natural asphalts but may amount to several per 
cent, in manufactured asphalts, which have been 
overheated and cracked, or overburned in the 
process of air oxidation. Asphaltenes are 
oxygen- containing compounds, while the por- 
tions soluble in paraffin naphtha commonly 
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referred to as petrolenes or malthenes are 
essentially hydrocarbons. 

In 1944, 6,996,100 short tons of petroleum 
asphalt were produced in the United States 

Special Products includinq Chemical 
Derivatives. 

Petroleum is used as a base for the manu- 
facture of many special hydrocarbon products 
and hydrocarbon derivatives.^®^ All of the 
gaseous hydrocarbons can be isolated from 
natural or cracked gases, or synthesised from 
other components. Natural gas and petroleum 
provide sources of hydrogen, hydrogen sulphide, 
methane, ethane, ethylene, acetylene, propane, 
propylene, w-butane, i^obutane, 1 -butylene, 2- 
butylene, isobutylene and butadiene from simple 
fractionation or primary conversions, cyclo- 
Propane, cyckibutane, and cyclobutylene are pro- 
ducible from the primary gaseous products by 
secondary reactions. Separation of individual 
normally liqmd hydrocarbons is growing, and 
eventually many of these will be utdisablo 
directly or as a base for chemical derivatives. 

Petroleum supplies w- and iso-pentane, and n- 
and iso-hexanes. ncoPentane, ncohexane, 2 3- 
dimethylbutane, and I'^oprene are produced by 
syntheses involving dehydrogenation, isomerisa- 
tion, alkylation, and dealkylation reactions. 
Isomeric octanes including 2:2:3-, 2:2:4-, and 
2 3.4-trimethylpontanes, and triptane, 2*2 3-tri- 
mothylbutane, are synthesised from petroleum 
cracked gases Benzene, toluene, xylenes, and 
more highly methylated benzenes are obtained 
by dehydrogenation of cyclohexane and methyl- 
cyclohexane, or by methylating benzene. Ethyl- 
benzene IS produced by catalytically alkylating 
benzene with ethylene or ethyl alcohol, and 
styrene by dehydrogenating the ethylbenzene 
Alkylation of benzene with propylene yields 
isopropylbenzene (cumene), and the dehydro- 
genation of this compound yields a-methyl- 
styrene. Naphthalene is a direct product of 
cracking petroleum and also of dehydrogenating 
butylbenzenes 

The lower boiling fractions of petroleum fur- 
nish Iiqmd gases such as propane and propane- 
butane mixtures for domestic and industrial 
heating, fuels for internal combustion engines, 
and a number of hydrocarbon solvents. These 
include 86-88° A P.I. gravity paraffin naphthas 
for asphalt solubility tests, petroleum ethers, 
solvents for extracting drugs and chemicals, 
paint, varnish, and lacquer vehicles, and sol- 
vents for rubber cements, textile proofing and 
finishing, dry cleaning, and rotogravure inks. 

Owing to the relative ease of separation of 
individual normally-gaseous hydrocarbons, these 
low molecular weight members of the various 
hydrocarbon groups furnish base materials for 
the manufacture of chemical derivatives.^®® 
The reagents for primary reactions with hydro- 
carbons are the halogens (particularly chlorine), 
oxygen, water, sulphuric acid, nitric acid, the 
halogen acids, and hypochlorous acid. Once a 
primary derivative is obtained, secondary re- 
actions lead into practically all classes of organic 
compounds, so that the chemistry of hydro- 
carbons 18 in fact an introduction to the whole 
field of organic chemistry. 


The action of chlorine on methane produces 
methyl chloride, methylene dichloride, chloro- 
form, and carbon tetrachloride by successive 
substitution of hydrogen atoms. These chlorine 
compounds are used as cleaning fluids and as 
solvents for various adhesives and rubber 
cements. Chloroform and carbon tetrachlonde 
are used as anajsthetics and special solvents. 
Carbon tetrachloride constitutes a large per- 
centage of non-inflammable cleaning fluids, a 
fire extinguishing fluid (“ Pyrene ”), and a sol- 
vent * for testing asphalts and tars. Methyl 
chloride is a reagent for adding' methyl groups to 
both aliphatic and cyclic hydrocarbons. Methane 
also furnishes the difluoro-dichloro derivative. 

Freon,*' (CFgCIa), which is widely used as a 
liquid for refrigeration. 

The oxidation of methane yields formaldehyde 
and methyl alcohol as readily separable primary 
products. From the alcohol, dimethyl ether and 
various esters are made. Formaldehyde poly- 
merises to paraformaldehyde and its cyclic 
isomer, trioxano. Formaldehyde is used in largo 
quantities as a disinfectant and in phenol- 
formaldehyde resins (“ BaJcelite ”). 

By reaction with steam in contact with 
selected catalysts, methane yields mixtures of 
carbon monoxide and hydrogen which furnish 
the mixtures charged to the Fischer-Tropsch 
process for synthesising alcohols, aldehydes, 
acids, or hydrocarbons. By reaction of 1 mol. 
of methane and 2 mol. of water, 1 mol. of carbon 
dioxide and 4 mol of hydrogen are produced, 
the hydrogen being readily separated for use m 
hydrogenation reactions. 

Methane reacts with the vapours of nitric acid 
to form nitromethane, the first of a senes of 
nitro-paraffins which are excellent solvents for 
nitrocellulose, cellulose acetate, and the vinyl 
resins. Similarly, ethane is nitrated in vapour 
phase. Nitropropane, which is made by similar 
vapour-phase reactions, is used as an anti-gellmg 
agent in synthetic lubber cements, and the low 
molecular weight nitro-paraffins are all utilisable 
m inks and protective coatings. The nitro- 
paraffins are readily reducible to the corre- 
sponding amines. 

Ethylene is the starting material for a multi- 
tude of chemical derivatives. Its direct poly- 
merisation furnishes the plastic known as 
“ Polythene." The hydrolysis of ethyl sulphuric 
acid or ethyl chloride gives ethyl alcohol. From 
ethyl alcohol, diethyl ether, acetaldehyde, 
acetone, acetic acid, and ethyl esters are pro- 
duced. Ethylene and hypochlorous acid react 
giving ethylene chlorohydrm as a primary 
roduct, which yields ethylene glycol on further 
ydrolysis. This compound is the basis of a 
large number of secondary derivatives, including 
polyethylene glycols resulting from dehydration 
and condensation reactions, glycol esters, glycol 
ethers, ether- alcohols, ether-esters, 6ia-dichloro- 
ethyl ether (“ Chlorex^*), and various ethanol- 
amines. By the low- temperature catalysed 
oxidation of ethylene, ethylene oxide is pro- 
duced, which can also be hydrolysed to ethylene 
glycol. In addition, it reacts with hydrocyanic 
acid to form acrylonitrile, the material used in the 
manufacture of “ Buna’ *-N rubber; Similarly, 
ethylene oxide reacts with hydrogen chloride to 
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form vinyl chloride and subsequently the vinyl 
resins. The direct addition of chlorine to 
ethylene yields ethylene dichlonde, which reacts 
with sodium tetrasulphido to form “ Thtokol ” 
rubbers. Ethylene and hydrogen chloride form 
ethyl chloride which reacts with sodium-lcad 
alloy to form the widely used anti-knock agent, 
tetraethyl lead. 

Natural gas or products therefrom under high 
temperature conditions readily yield acetylene. 
Two commercial acetylene units are being in- 
stalled at the present time (1945), one of which 
will produce at the rate of 76 tons a day or 27,000 
tons a year. Other units are also under way. 
The charging stock may be either propane, 
butane, natural gasoline, or fractions from 
petroleum. It is believed that acetylene can be 
produced at a lower cost by processing natural 
gas than by the electro-chemical method of pro- 
ducing calcium carbide. The natural gas 
industry has enormous volumes of propane and 
other hydrocarbons available to supply the whole 
needs of the United Nations for acetylene and its 
derivatives. Acetylene may be converted to 
butadiene by a number of processes involving 
diflFerent sequences of steps. In one process it is 
converted to vmylacetylene which can be made 
to yield butadiene on hydrogenation. In another 
process, acetylene is converted to acetaldehyde 
by hydration, the aldehyde is then caused to 
undergo the aldol condensation; butanediol is 
produced by hydrogenation, and butadiene by 
catalysed dehydration. Acetylene yields acrylo- 
nitrile by reaction with hydrogen cyanide, and 
vinyl chloride with hydrogen chloride, and is also 
a base substance used in the manufacture of 
nylons. Chlorination produces such important 
solvents as tetrachlorocthane, trichloioethylene, 
and pentachloroethane Trichloroethylene is 
used for degreasing metal parts in airplane and 
automobile manufacture. 

Propane and propylene produced therefrom by 
catalytic or thermal dehydrogenation are bases 
for another series of chemical compounds. Pro- 
pane is directly nitratable in the vapour phase 
By absorbing propylene in 87% sulphuric acid and 
subsequently hydrolysing the monot^opropyl 
sulphate, isopropyl alcohol is produced. The 
alcohol itself finds many industrial uses as a 
solvent, denaturant, and intermediate. By the 
catalytic dehydrogenation of isopropyl alcohol, 
acetone is readily obtained, and from this com- 
pound an aldol condensation gives diacetone 
alcohol and, on subsequent dehydration, mesityl 
oxide. By the usual dehydration with sulphuric 
acid, isopropyl alcohol yields isopropyl ether, 
which has been found to have exceptionally high 
anti-knock ratmg in motor fuel blends m con- 
trast to the knocking tendencies of diethyl ether. 
Like ethylene, propylene adds a molecule of 
chlorine to form propylene dichlonde, and reacts 
with hydrogen chloride to form isopropyl 
chloride. The high temperature interaction of 
chlorme with propylene can be made to produce 
allyl chloride, from which hypochlorous acid pro- 
duces the dichlorohydnn, and further hydrolysis 
produces glycerol, from which edible esters and 
nitroglycerm can be manufactured. 

The four-carbon-atom paraffin hydrocarbons, 
includmg n-butane and isobutane, also yield 


large numbers of commercial products, n- 
Butano yields normal butylenes and then buta- 
diene on successive dehydrogenation, using such 
catalysts as chromium sesquioxide on alumina. 
By hydrolysis with sulphuric acid, w-butylcnes 
yield sec. -butyl alcohol, and isobutylene the 
tert -compound Oxidation of sec -butyl alcohol 
produces methyl ethyl ketone used in the manu- 
facture of lacquer thinners, and as a solvent for 
vinyl resins and the dewaxing of lubricating oils 
Alternatively, butene-2 adds hypochlorous acid 
to form 2-chlorobutan-3-ol, which yields methyl 
ethyl ketone by dehydrochlorination. 

By catalytically dehydrogenating isopentane 
and isopentenes or their mixtures, isoprene is 

reduced Butadiene and isoprene are key 

ydrocarbons in the manufacture of synthetic 
rubbers. The synthetic rubber produced in 
greatest volume in 1944 was “ Buna ”-/S^ or 
GR-S by the co-polymorisation of butadiene and 
styrene; this being the rubber used in the 
manufacture of pneumatic tyres. The United 
States production of synthetic rubber was 
750,000 tons in 1944, and at the end of the year 
the industry was geared to an annual production 
of 900,000 long tons.^®® 

Butyl rubber is made by the polymerisation 
of isobutylene and small percentages of buta- 
adiene or isoprene. “ Vistanex ” is a high 
molecular-weight polymer of isobutylene. 
“ Buna ”-A rubber is produced from butadiene 
and acrylonitrile “ 21itokol ” rubbers are made 
from ethylene dichlonde and sodium tetra- 
sulphide. “ Neoprene rubbers are polymers 
of chloroprene. The many varieties of synthetic 
rubbers include products adaptable to uses to 
which the natural rubber is unsuitcd, par- 
ticularly in regard to resistance to air oxidation, 
contact with oils, and resistance to chemicals. 
Table LXXI lists the starting materials and the 
formulas and names of synthetic rubbers pro- 
duced from them 

Table LXXII, which lists a number of pro- 
ducts being made from petroleum hydrocarbons, 
indicates the extent of the chemical industry 
which is based on it.^®^ While the volume pro- 
duction of chemical derivatives is less than 1% 
(1945), it shows every indication of rapid growth. 
The aromatic hydrocarbons in coal tar have been 
starting materials for half a million chemical 
compounds, and it is not unlikely that petroleum 
will eventually yield twice as many. 

Medicinal Oils. 

By exhaustive acid treatment and finishing of 
what are essentially the lubricant fractions of 
petroleums, highly refined products known as 
White oils are produced ^®® These oils are made 
by treating lubricating fractions with fuming 
sulphuric acid in amounts as great as 60% by 
volume of the oil, and treatment may be con- 
tinued until from 25 to 60% of the more reactive 
and unstable components are removed. Pre- 
liminary treatments to remove the more re- 
active components of the oils are practised, and 
the treatment with fuming acid is followed by 
complete neutralisation with sodium hydroxide 
or lime, and percolation through fuller’s earth. 

White oils consist predonunantly of cyc/o- 
paraffin hydrocarbons with mmor amounts of 
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Table LXXI. — Structural Relations among Monomers and Polymers. 


Monomers 


Isopreno 

CHi 

CH 2 -C- 

liiitadiene 

CH 2 --CH-CH CH 2 

I sivitne 

CH, CH -CH CH 2 if' V CH CH. 


liutddierie I aci^lomtnle 
CH2-CH— CH-CHi } CH2 -CH 

CN 

liiitadieno ^ js«])ut>lene 

CH 3 

CH2- CH -CH -CH2 l-C-CH, 

I 

CH, 

^-diloioprene 

Cl 

CH2 <[ -CH CH. 

V’^inyl chloride 

CH 2 -CH 

I 

Cl 

isoButvlone 

CH3 

C -CH2 
I 

CH3 

Dichloroetln 1 cthei I sodium tetr.isulplude 
CICH2-CH2-O CH2-CH2CI i Na:S4 


r V A + l)ut\ raldehyde 
CH 2 ~CH -CH 2 — CH— 

OH 


OH 


1 +C,H 

Jn 


7 CHO 


Basic recuriiug gioups of polymers 


f r 1 

L - CH.— CH-C— CH 2 — Jn 
CH. CH --CH-CH 2 — j 
j- CH. CH-CH -CH 2 - CH -CH 2 --I 


Nature of pioduct 


-CH 2 —CH - CH — CH 2 — CH— CH 2 - 

cIn 


CH, 


CH 2 — CH - CH— CH 2 -C— CH 2 - 

<!;h3 




Cl 

CH 2 — (i-CH -CH, 
CH 2 - CH— 


J. 


r— CH 2 - CH — *1 

[ ]« 


CH 3 

-C -CH 2 - 


CH, Jw 


-CH.— CH.— O— CH.— CH 2 -S— S— 

II II , 

S S Jn 


-CH 2 — CH-CH 2 — CH— 

I I 

o o 

X 

H C 3 H 7 


1 . 


Natural rubber or 
caoutchouc 


Buna ”-58 and 
115 (German), 
uo U S produc- 
tion. 

” Buna ”-N, 

” Buna 


” Buna*'-N, ** Per- 
bunan,** ” Hy- 
car ”-ON,* 

” CMmigum.*' * 

” Butyl ” rubber * 


” Neoprene ” 


” Koro^ealy"' 

” Flame nolf** 

” Vinylite *’-Q 


' Vistarm ” 


” Thiol ol ”-B. 


” Butacite” 

” Butoar ” 

” Vinylite ’’-.Y 


* Jd<'iitity not disclosed by tin* manufacturer but reported to be of the type indicated 


paraffins. They are odourless and free from 
objectionable taste, stable to hot 95% sulphuric 
acid, and do not acquire colour on exposure to 
air and sunlight A well- prepared white oil 
should show little colour change in six weeks’ 
exposure to sunlight at ordinary temperature. 
Under air exposure at 100°c. (212°f.), a good oil 
will not show rancidity in 16 hours. They vary 
in viscosity from about 50 to 360 Saybolt seconds 
at 38°c. (100®F.), and even those containing more 
paraffin hydrocarbons seldom have pour-pomts 
above 0°c. (32 ®f ). 

Such oils are used largely for medicinal or 
pharmaceutical purposes. They have purgative 
action and are used m salves, skin creams, omt- 


ments, nasal drops, and throat sprays. They are 
also used by bakers and candymakers in lubri- 
cating and greasing equipment, and in packing 
fruit and preserving eggs. 

Mahogany and Green Acids. 

Another class of special petroleum products 
are the prepared oil-soluble sulphonic acids 
which are known as mahogany acids or green 
acids. These are made by treating white oils 
with sulphuric acid. The mahogany acids are 
extracted from the treated oils with alcohol, 
neutralised with alkah, and used most commonly 
as alkali metal soaps. They may* be further 
purified by solution in organic solvents, settling 
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Table LXXII. — Peoditcts from Petroi,eum. 
Fractionation, 

Methane, Ethane, Propane, Butanch, Pentanes, Hexanes, Heptanes, Octanes. 


Dehydrogenation. 

HydiOKcn, Acetylene, Ethcne, Propene, Butenes, Butadiene, lYnteiies, Isoprene, Pentadicnes, Hexenes, 
Heptenes, Octenes, Benzene, I'Dlucne, Styrene 


Ilalogenatwn. 


Methyl cliloricle 
Methyl bioinide 
Methyl iodide 
Methylene dichloride 
Chlorofoiin 
Carbon tetrachloride 
Dichlorodifluoi oniethano 
(“ Freon ”) 


Ethjl chloride. 

Ethyl bioinide 
Ethyl iodide 

Tnchloioethane 
Pentaehloroethane 
Hexachloroethane 
Ethylene cldoiide 
Tetrachloroethylene 
Eth> lene chlorohy drln. 


Dichloropropaiie 
Tiichloropropanc 
Propylene dichloiidc 
isoPropyl chloride 
tsoPropyl iodid(‘ 
tsoPropyl bromide 
Allyl chloride 


Chlorobutciic 
Butylene dicliloride 

iSoButvlene dichloiide 

Butylene clilorohydnn 
Mcthallj 1 chloride 
Butyl halides 
Pentyl halides 


Teti aethyl-lead 

Ethyl mercaptan 

Sulphonal 

Ethylcellulosc 

Eth>lben/ene 

Diethylanilinc 


Derivatives of Halogenated Products. 


Vinyl chloride 
Ethylene glycol 
Dichloroethyl ether. 
Dioxan 
Biglycol 

Hiethylene glycol 
'I’ricthylene glycol 
Succinic acid 
Ethylene oxide 
Monoethanolamine 
Diethanolamine 
Tiiethanolamine 
“ Thioko ! " (rubber) 


ci/eZoPropane (anaesthetic) 
Propylene oxide 
l*ropylene glycol 
isopropyl alcohol, 

Allyl alcohol 
Diallvl ether 
Meth>l vinyl earbinol 
Sulphur dioxide resins 
isoPiopyl ether 
isoPropvl acetate 
isoPropvlbenzene 
(cumeiK*) 


But.idiene 
Butylene glycol 
tert -But\l alcohol 
Methylglycerol 
Methyl methacr\ late 
resins (“ Jmcxte ”) 
Butyldiuines 
Amy laimnes 
Hexylamines 
Aminobutanol 


Nitiomethanc 


Nitration Products. 

Nitroe thane l-Nitropropane 

2-Hitropropane 


1- Nitrobutane 

2- Nitrobutane 


Tri(hydroxymethvl) 
nitromethanc 
Tri(hydroxyrnethyl)- 
aminomethane 
l-Chloio-l -iiJtroethanc 
1 l-Dichloio-l-nitro- 
ethane 

Mono('thy lamine 
Diethylamine 
Trlcthylainmc 
Diethylaminocthanol. 


Dei ivatives of Nitration Products. 


Phenyldiethanolanilne 
Propylamines (lubbcr accelerators). 

1 -Chloro-l-mtropropane 
2-Cliloro-2-nitropropane 
Nitrohydroxy propanes (synthesis of 
high explosives) 

Animohydroxypropanes (emulsifying 
agents) 

Chloronitropropanes (insecticides) 
Hydroxylaminc salts (dotation 
reagents) 

Chloronitroalcohols. 

Acrylonitrile. 


2-Nitro-l-butanol 
2- N'itro*2-methyl-l -propanol 
2-Nitro-2-metln 1-1 3-propcincdiol 
2-Amino-2-inethyl-l-pi opanol 
2-Ainino-2-ethv 1-1 3-propanediol 


Alcohols f Ethers, Ketones, Acids, Esters, Aldehydes, Chlorohydrins. 


Methyl alcohol Ethyl alcohol 

Formic acid Acetic acid 

Methyl esters Acetone 

Formaldehv de Acetaldehyde 

Methvl ethei Diethyl ethei 

Methj \ vinyl caibinol Ethyl esters 

Metallic cthoxidCH 
j8-Phcnylethanol 
Diethyl earbinol 


n -Propyl alcohol 
isoPropyl alcohol 
isoPropyl ether 
Propionic acids 
Propyl esters 
Propyl ethers 
Propionaldehyde 
Propyl ketones 
Glycerol 

Glycei y 1 chlorohv dun 
Glyceryl dichlorohy di in 


w -Butyl alcohol 
tert -Butyl alcohol 
sec -Butyl alcohol 
Butyric acids 
Butyl esters 
Butyl ethers 
Butaldehy dcs 
Butyl ketones 
i.soButylene chlorohydrin 
Methyl ethyl ketone 
Chloroallyl alcohol 
Pentainethylene glycols. 


sec -Amyl formate 
Amyl acetate 
Amyl propionate 
Amyl butyrate 
Amyl ether 
Amylphenol 
tert.-Amyl acetate 
Diacetonealcohol 
isoBiitylcarbinol 
n-Amyl alcohol 


Miscellaneous Oxygen and Other Compounds. 


sec -Amyl alcohol 
tert -Amvl alcohol 
Crotonaldehyde 
Maleic acid 
sec -Hexyl alcohol 
sec -Hexyl acetates 
sec -Hexyl butyrates 
«ec. -Hexyl propionates 
Amvl mercaptans 
Diamyl sulphide 
Amylnaphthalenes. 


Diamylnaphthalene 

Polyamylnaphthalcnc 

Monoamy Ibeii zc ne 

Diamylbenzene 

Triamylbenzene 

Tetra-amylbenzene. 

2 4-Dianiylphenol 
Dimethylacetone 


Pa rafor ma Id cl ly d e 
Hexamethylenediammes 
Heptyl alcohols 
Octyl alcohols 
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or filtering, and bleaching with hydrogen per- 
oxide. Oil 18 removed from the soap by extrac- 
tion of its alcoholic solution with light petroleum. 
The recovered dry material is resinous, orange- 
yellow, and hygroscopic, with a melting-point 
below 60°c. (140%.). 

Both the acid and the soaps are completely 
dispersable in water. The principal use of 
mahogany soaps is in textile oils, metal-cutting 
oil emulsions, and catalysts for the hydrolysis of 
fats. 

The so-called green acids are separated from 
the sludge produced in treating white oils by 
diluting with water to a 60% sulphuric acid, in 
which they have a minimum solubility. These 
acids are also used as such or as alkali metal or 
alkaline earth metal soaps. They are used as 
emulsifiers, wetting agents, pickling inhibitors, 
metal -flotation oils, and in dust laying com- 
pounds. 

Detergents. 

A number of detergents are made from 
petroleum, some being analogous to soaps made 
by saponification of mineral and vegetable fats, 
and others by new types of reactions 

Soap substitutes were made in Uermany by 
the action of sodium hydroxide on acids made by 
oxidising petroleum fractions In Russia, soaps 
are made by alkaline treatment of naphthenic 
acids present m petroleum oils In other pro- 
cesses, mineral and vegetable fats are saponified 
with amines from the reduction of nitroparaffins 
In still other processes, alkali metal hy dioxides 
are treated with benzene sulphonic acids m which 
the benzene ring contains alkyl substituent 
groups having from 10 to 12 carbon atoms 

Insulating Oils. | 

Petroleum provides a source of neutral in- 
sulating oils for electrical transformers and 
switches.^®® Highly puiified dry oils of the con- 
sistency of light lubricants have dielectric 
strength and breakdown voltages as high as 70 
kilovolts m standard test apparatus. Trans- 
former oils act not only as insulating media, but 
as means of conducting heat away and pre- 
venting overheating of transformers. They are 
necessarily neutral, non-corrosive, and free from 
sulphur The flash point is usually high enough 
to prevent fires from accidental electrical sparks, 
and the oils are resistant to oxidation in contact 
with air at temperatures encountered in the 
transformers. Similar types of oils are used in 
impregnatmg paper used in electric cables.^®® 
A common impregnating material is a blend of 
mmeral oil and rosin, while others contain oil 
and petrolatum. 

Insecticides and Fungicides (v. this Vol, 
p. 301). 

Petroleum fractions are used as vehicles in 
insecticides and fungicides Kerosenes were 
first used and, later, emulsions of oils of higher 
boihng range in the lubricating class, since it 
has bwn found that less damage to plants occurs 
with the higher viscosity oils. The oils are fre- 
quently in combination with nicotine, pyre- 
thrum, derris, or lead arsenate. A 2% solution 
of D.D.T. (aa-di-(^-chlorophenyl)-j3j8j8-tnchloro- 


ethane) in kerosene has proved effective against 
flics, mosquitoes, and lice, and in the control of 
plant pests. Kerosene emulsions are also used 
to kill soil insects. 

Experience indicates that paraffins and 
naphthenes have little or no adverse effects on 
plants, and that aromatic and olefinic consti- 
tuents are actively toxic to pests but damage the 
plant. The properties of oil vehicles which are 
best for tree and plant spraying are different in 
summer and winter. The recommended specifi- 
cation for an oil vehicle for summer use is shown 
in Table LXXIII, whilst a suggested specifi- 
cation for a winter insecticidal oil vehicle is given 
m Table LXXIV. 

Table LXXIII. 

Sp gr at 15 5°C (60"^ ) 0 80-0 92 

Boiling above 300®c (572®f ) Not loss than 90% 

Boiling below 330®C (626“F ) Not leas than 10%. 

Boiling between 340° and 
366°c (644* and 680°F ) Not less than 50% 
Viscosity, Redwood No 1 at 
2l°C (70°F) 75-150 seconds 

Viscosity, Saybolt Universal 
at38"0 (100"F) 60-115 seconds 

Table LXXIV. 

Sp gr at 15 5°0 (00°F ) 0 86-0 92 

Boiling above 315^0 (699*F ) At least 90% 

I BoUmg above 350"C (662°F ) At least 50%. 

Boiling above 380°c (716°F ) At least 20% 

Viscosity, Redwood No 1 Between 125-500 seconds 
at21°c (70 °f) 

The use of oil sprays to kill the larvae of 
mosquitoes in stagnant pools is well established, 
and oil sprays are used to prevent insect attacks 
in stored goods. They are also used to spray 
livestock. 

Many unsaturated hydrocarbon gases are 
used efteetively in stimulating plant growth and 
the ripening of fruit Ethylene gas is used as 
a ripenor for oranges and as an aneesthetic. 
Both ethylene and propylene are used to stimu- 
late the growth of potatoes by treating the 
seedlings. Butylene gas accelerates the growth 
of apple, apricot, pear, cherry, plum, peach, and 
walnut trees. Acetylene has been sucees^ully 
employed to accelerate the ripening of and 
growth of pineapples. 

TESTING AND ANALYSIS OF 
PETROLEUM AND ITS PRODUCTS. 

The complex chemical character of petroleum 
and its refined products and their widely varying 
physical properties require many diverse types 
of chemical analyses and physical measurements 
for their complete determination. The litera- 
ture on these topics is so extensive that even an 
approach to a comprehensive recitation is 
beyond the scope of the present general account. 
Analytical and test methods have been worked 
out and standardised by committees of experts 
in the American Society for Testing Materials 
(U.S.A.), and in the Institute of Petroleum 
Technologists (Great Britain). These methods 
are described in detail in “ Standards on 
Petroleum Products and Lubricants,” prepared 
by A.S.T.M. Committee D-2, issued annually, 
and “ Standard Methods for Testing Petroleum 
and Its Products,” published by the Institute of 
Petroleum. In addition to these publications 
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the C. J. Tagliabu© Manufacturing Company, 
makers of i)©troleum testing instruments, pub- 
lish a “ Manual for Inspectors of Petroleum,” 
which describes the more common < physical and 
chemical tests and analyses, and is useful as a 
guide for petroleum inspectors. The United 
States Federal Stock Catalog also contains 
details of test methods and specifications for 
petroleum products. Other manuals are avail- 
able which are published by companies engaged 
in the petroleum industry. Universal Oil 

Products Company publishes “ Laboratory Test 
Methods for Petroleum and Its Products,” 
which contains the more common and many 
special analytical and test methods, in addition 
to those in the publications of governmental and 
technical societies. 

To estimate the commercial value of crude oils 
and their refined products and to check quabty 
during refining and other operations, reliance is 
placed principally on rapid determination of 
physical properties, such as specific gravity or 
corresponding values on empirical scales, 
volatility by determination of boiling-pomt 
range and vapour pressure, colour by trans- 
mitted and reflected light, and combustion 
properties indicated by flash and fire points, 
spontaneous ignition temperatures, anti-knock 
ratings, etc. Relative consistency tests for 
viscosity, plasticity, and resistance to flow are 
applied to heavy liquid and somi-solid products, 
such as lubricating oils, greases, residual fuel oils, 
and asphalts. 

The specific gravities of liquid petroleums and 
their fractions are most frequently detei mined 
by hydrometers at room temperature and cor- 
rected to 60 °f. (15 5°c.). Specific gravities are 
referred to water at the same temperature 
Gravity values for solid and semi-solid products 
such as waxes, petrolatums, and asphalts are 
determined in pyknometers. The coefficients of 
expansion of petroleum products vary with their 
composition and boiling range, and with tem- 
perature, so that gravity correction factors 
should be used with caution. 

Laboratory evaluations of combustion proper- 
ties of fuels and illuminants aie in curient 
practice. The suitability of motor gasoline, 
aviation fuel, tractor fuel, and diesel fuel is 
determined directly in small engines rather than 
estimated from their physical and chemical 
propel ties, which do not always enable correct 
judgment of their relative fuel values. Deter- 
minations of flash and fire points of kerosenes 
are made in the interest of safety, and they are 
burned in standard test lamps to obtain infor- 
mation as to their actual illuminating value, 
their smoking tendencies, and their effects on 
wicks and chimneys. 

In comparing the consistencies of heavier 
products, determinations are made of relative 
viscosity, melting, softening, and freezing 
temperatures, ductility and resistance to flow. 
In the majority of instruments employed for 
determining viscosity, the oil flows through a 
standard capillary tube or orifice under a gravity 
head, and arbitrary unit values are recorded 
which are converted to absolute or kinematic 
viscosity. Special methods are employed for 
estimating the relative oilinoss of lubricants on 
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the one hand and the relative binding properties 
or adhesiveness of tars and asphalts on the other. 

Colours are determined by comparing with 
standard glasses and solutions. Refractive 
indices and Raman, X-ray, infra-red, and ultra- 
violet spectra furnish valuable data. The mass 
spectrometer is employed as an adjunct in the 
analysis of hydrocarbon gas mixtures. 

Inorganic matter, including mineral particles 
and water, are determined by distillation of the 
water, and centrifuging out water and solid 
mineral particles after dilution of oils with 
organic solvents. Paraffin wax is also deter- 
mined by dilution with appropriate solvents and 
cooling, filtering, and weighing the separated 
wax crystals. The relative solubility of re- 
siduums and asphalts in organic solvents such 
as carbon disulphide, carbon tetrachloride, and 
light paraffin naphthas give indicatiojis of the 
source and quality of such products. 

Miscellaneous tests include determination of 
mercaptan and total sulphur, existent and 
potential gum in gasoline, corrosive properties 
(usually with copper), total halogens, acidity 
and alkabnity, oxidation and light stabilities, 
saponification values, bromine numbers, ulti- 
mate analyses for carbon, hydrogen, oxygen, 
nitrogen, and sulphur, and percentages of the 
mam hydrocarbon groups, paraffins, olefins, 
naphthenes, and aromatics. The last-named 
analysis is difficult on account of the extremely 
large number and variable chemical constitution 
of the hydrocarbon mixtures constituting 
petroleum fractions, and reports of such deter- 
minations should be taken with some reserve. 


Literature Cited ^ 

1 G Egloff, “ Earth Oil,” Williams and Wilkins Co., 
1933, p 4. 

2 H Abraham, Asphalts and Allied Substances,” 
Van Nostrand & Co , 1929, p. 4. 

3 R J. Forbes, ” Bitumen and Petroleum in 
Antiquity,” E. J Brill (Leiden), 1936, p 11 

4 G Egloflf, “ Earth Oil," Williams and W^ilkins Co , 
1933, p. 12 

5 Iderrif ibid., p. 13 

6 Edward Thorpe, ** Dictionary of Applied 
Chemistry,” 3rd ed , Longmans, Green dc Co , 1928, 
Vol V, p 113 

7 Anon,, Oil and Gas Journal, 1935, 34, No 31, p 12. 

8 Anon , Oil Weekly, 1944, 116, No 2, p 00 

9 Anon , World Petroleum, 1014, 15, No 12, p 60 

10 V. C Illing, ” Science of Petroleum,” Oxford Univ. 
Press, 1938, Vol. I, pp. 32 et seq 

H W. E. Pratt, Bull Aincr Assn of Petroleum 
Geologists, 1944, 28, 1506. 

12 Petroleum Industry Research Foundation, Inc , 
" World Oil, Fact and Policy," 1944, p 8 

13 w. E. Pratt, " Oil in the Earth," Univ of Kansas 
Press, 1942, p 40. 

14 w C. Hirsch, Automotive and Aviation In- 
dustries, 1944, 91, No 1, p 18. 

13 Amer. Petroleum Inst , Report of Comm on 
Petroleum Reserves, Feb. 19, 1944, Chem. Eng News, 
1944, 22, 640. _ , x ^ 

i« H. Fosse t, ” Petrol, Its Development, ^ Past, 
Present and Future," J Inst of Automobile Engineers, 
London, 1944, 12, No. 8, p 89 ^ ^ 

17 C. Engler and H von Hofer, " Chemie und Physik 
des Erdols," S flerzel (Leipzig), 1913, Vol I, p. 239 

18 Idem, ibid , p. 271. 

19 Idem^ ibid , p. 308. 

20 Idem, ibid., p. 347. 

21 Idem, ibid , p 359. ^ , 

22 A. F. Forzlati, C B. Wellingham, B. J. Malr, and 
F. D. Rossini, Amer. Petroleum Inst. Meeting, Chicago, 
U.S.A., Nov 10, 1943 ; Refiner, 1943, 22, No. 11, p. 379 

23 E, Emmet Reid, " Science of Petroleum," Oxford 
Univ. Press, 1938, Vol. II, p. 1033. 

24 J. R. BaUey, ^id. p. 1047. 



402 


PETROLEUM, 


25 A C , Bratton and J U Bailey, J Ainer Chein 
Soc 1937,69, 175 

26 J Von Brauin, “ Science of Petroleum,” Oxford 
Univ Press, 1938, Vol 11, p 1007 

27 £ Field, F H llfempster, and G E. Tilson, Ind 
Eng Chem 1940, 32, 489 

2« H Abraham, ” Asphalts and Allied Substances,” 
Van Nostraiid 6l Co , 1929, p 40 

29 W H Thomas, ” Science of Petroleum,” Oxfoid 
Univ. Press, 1038, Vol II, p 1053 

50 O Egloff, ” Earth Oil,” Williams and Wilkins Co , 
1933, p 125 

51 li F Bacon and W. A Hainor, ” American 
Petroleum Industiy,” McGraw-Hill Co , 191C, \ol II, 
p. 717 

52 c S Robinson and E R Gilliland, ” Elements of 
Fractional Distillation,” McGraw-Hill Co , 1939, p 202 

53 Ideniy ibid , p 204 
5^ idem, ibid , p 205 

55 L. Nelson, ” Petroleum Reflneiy Engineering,” 
McGraw-HUl Co , 1936, p 451 

56 A E Dunstan, A W Nash, B T Brooks, and 
U Tizard, “Science of Petroleum,” Oxford Univ Press, 
1938, Vol II, pp 840 et seq 

57 u S. Dept of Intcrloi, Biiieau of Mines, Mineral 
Industry Surveys, Monthly Petroleum Statement No 
P 258, Released March 5, 1945 

5» B T Brooks, “ Science of Petroleum,” Oxford 
Univ Press, 1938, Vol III, pp 2078 etseq 

^9 A N Sachanen, “ Coin c^rsion of Petroleum,” 
Reinhold Pub Corp , 1940, jip 38, 57, 76, 92 
^0 V N Ipatiefi, “ Science of Petioleiim,” Oxford 
Univ Press. 1938, Vol 111, p 2079 

Universal Oil Products Co , unpublished data 
42 Ibid 
45 Ibid 

44 A N Sachanen, “ Coiuersion jf Petroleum,” 
Reinhold Puh Corp , 1940, p 168 

45 Idein^ ibid , p 125 

46 G Egloff, E F Nelson, and G B Zimnieiman, 
Oil and Gas J 1935, 34, No 32, p 90 

47 ,1 It Bates, F W Rose, Jr , S S Kurtz, Jr , and 
I W Mills, Ind Eng Chem 1942,34,147 

48 G F Fitzgerald, Cliem and Mc't Eng 1<)39, 46, 
No 4, p 196 

49 C. R Wagner, Oil .ind Gas J 1943, 41, No 46, 
p 82 

50 E V Murpliree, Ind Eng Chem ]<)43, 35, 623 

51 C L Tliomas, K Andeison, and J McAlc'e, 
Nat Petroleum News, 1943, 36, No 48, p R-570 

52 C h J'homas, USP 2328751, 23287.5.5, and 
2328756 , issued Sept 7, 1943 

55 Universal Oil Products Co , nn])ul)lished ciata 

54 E V Murphroe, H G M Fischei, E J Gohr, 
W. J Sweeney, and C \j Blown, Petroleum Engineer, 
1944 Reference Annual, 15, No 10, i) 230 

55 A N Sachanen, “ Conversion of Petioleiim,” 
Reinhold Pub Corp , 1940, p 38 

56 Idem, ibid., p 57 

57 Idem, ibid , p 76 

58 Idem, ibid , p 92 

69 G Egloff, J C Morrell, and A F Nelson, Oil and 
GasJ 1937, 36, No 26, p 176 

60 M B Cooke, J It SWiiMMon, and C It Wagner, 
ibid 1935, 34, No. 26, p 57 

61 S H Me\l]ister, Kefliier, 1937, 16, No 11, p 493 

62 G Egloff, Nat Petroleum Ncm% 1935, 27, No 47, 
p. 25 

63 G. Egloff, Oil and Gas J 1936, No 22, p 58 , Nat 
Petroleum News, 1936, 28, No 42, p 25 

64 V, N Ipatieff, and G Egloff, Oil and Gas J" 1935, 
38, No 62, p 31 , Nat Petroleum News, 1935, 27, 
No 20, p 24 

65 Universal Oil Products Co , unpublished data 

66 Universal Oil Products Co , unpublished drawing 

67 G Egloff, Nat Petroleum News, 1935, 27, No 47, 
p. 65. 

68 G Egloff, Oil and Gas J 1936,34, No 44, p 140 

69 G Egloff, Ind Eng ('hem 1936, 28, 14bl 

70 K M Watson, USP 2120723 , issued June 14, 
1938 

71 B A Kazaiiskii, and M I Rozengart, Nat 
Petroleum News, 1944, 36, No 36, p R-643 

72 A V Grosso, V N Iiiatieff, G Egloil, and J C 
Morrell, Proc Amer. Petroleum Inst , Nov. 9-17, 1939, 
20, Sec HI, Refining 

'5 A W. Nash, and 1) A Howes, “ The Principles 
of Motor Fuel Preparation and Application,” Chapman 
and HaU, Ltd , 1938, p 398 

74 C 0. Watson, F Newton, G W McCausland, 
E H McGrow, and L S Kassel, Trans Amor Inst 
of Chem Bngrs 1944, 40, No 3, p 309 
25 Universal Oil Products Co , unpublished data 


76 R r Lassiat, and F D Parker, Nat Petroleum 
News, 1944, 36, No 49, p R-842 

77 J M Mavlty, and E E Zetterholm, Trans Amer 
Inst of Chem Eiigis 1944, 40, pp 473-485 

78 R R Drcisbach, U S P 2110829, issued Mareh 8, 
1938 

79 S Berkman, J C Morrell, and G Egloff 
“ Catalysis,” Reinhold Pub Corp , 1940, p 1054 

80 A E Buell and P M Waddill, Refiner, 1944, 23, 
No 10, p 83 

81 H G M Fischer and A B Welty, Jr , Chem and 
Met Eng 1944, 51, No 8, p 92 

82 A N Sachanen, “ Conversion of Petroleum,” 
Reinhold Pub Corp , 1040, p 80 

85 J. p O’Donnell, Oil and Gas J 1944, 42, No 42, 
p 73 

84 A N Sachanen, “ Conversion of Petroh uin,” 
Reinhold Pub Corp , 1040, p 81 

85 W J Mattox, Trans Amer. Inst Chem Engrs, 
1945, 41, 403. 

86 A N, Sachanen, “Con\erslon of Petroleum,” 
Reinhold Pub Coip , 1040, p 27 

87 XO Frey and H J Hepp, Ind Eng Chem 1936, 
28, 1439 

88 G G. ObcrfellandF E Frey, Oil and Gas J 1939, 

38, No 28, p 50. 

89 K G Mackenzie, Refiner, 1939, 18, No 11, p 404 

90 E V Miiiphrce, ind Eng Chem PUS, 35, 023 

91 C G G(‘ihold, J 0 Iverson, H J N check, and 
R J Newman, '1 rans Amer Inst ('horn Engis 1943, 

39, No 6, p 793 

92 A V Grosse and V N Ipatieff, .T Oig Chem 

1943, 8, 438 

9^ G Egloff, G Hiilla, and V I Komaiewsky, 

“ Isonic^rization of Pine Hydioc aibons,” Reinliold Pub 
Co , 1942 

94 s Berkman, J C Moirell, and G Egloff, 

“ (’atahbis,” Reinhold Pub Corp , 1940, p 1021 

95 J A Clunaek, C (> ])i>(i,R E Sutherland, and 
J 0 Iverson, Nat Petroleum Nows, 1944, 36, No 40, 
p 11-678 

96 (} Egloff, G Hiilla, and V I Komarewsky, 

“ Isonieiization of Pure llydiocaibons,” Reinhold Pub 
Co, 1942, p 31 

97 Idem, ibid , pp 35 et seq 

98 Idem, ibid , pp 29 et i^eq 

99 Idem, ibid , i) 55 

100 0 Ellis, “ Hydiogenation of Organic Compounds, 
Van Nostrand Co , 1930, pi> r)01-<)l() 

191 R V Kussell, ‘ SfK'ute of Petroleum,” Oxfoid 
Univ Piess, 1938, Vol 111,]) 2133 

i 02 Beikinan, .1 C Moiiell, and G Egloff, 

“ (Jataljsis,” Reinhold Pub Co , 1940, pj) 1013, 1046 
105 B B ('oisonaiid (i S Monioe, U S P 2296346-7, 
issued Oct 13, 1942 

194 A N Sachanen, “ Conversion of Petroleum,” 
Reinhold Pub. Corp , 1940, pp 89 et seq 

*95 it 'V Haslain and R P Russell, Ind Eng Chem 
1930, 22, 1030 

100 }t 9' llaslam, R V Rnssoll, and W (' Asbiiiy, 
Refiner, 1933, 12, No 9, p 870 

197 x» JGmfeoll, E J Gobi, and \ J Voorhies, 

J Inst Petroleum Teehn 1935,21,347 

108 xi; \ Murpbiee, E J (fohi, .irid C L BroMii, 
Ind Eng (3icm 1939,31,1083 

*99 V A Kali( hovsk> and B V Stagner “ (Jheniieal 
Reflning of Petroleum,” Chenueal Catalog ('o 1933, 
A('S Monograph No 03 

**9 J (’ Morrell and G Kgloll, Nat Pet Nr'ws, 1936, 
38, No 12, p 33, Oil and GasJ 1930, 34, Nos 44,45, 
46 

J C Moriell and G Egloff, “ Sulphuiic Add 
Treatment of Crackl'd Distillates,” World Petioleiim 
Congress, London, 1933 

*12 J c Morrell, J Ind Eng diem 1926, 18, 
733 

*15 J 0 Moriell and G Egloff, Refiner, 1923, 11, 
No 9, p 50-A 

1*4 H S Bell, “ American Petroleum Reflning,” 
Van Nostraiid Co , 1930, p 296 

*15 M J Fowle and H W Field, World Petroleum, 
1942, 13, No 2, p 44 

1*6 H N La Croix, Oil and Gas J 1944, 42. No 40, 
p 50 

1*7 J r O’Donnell, 1944, 43, No 8, p 45 
1*8 B L MacKiisick, and H A Ahes, ibid 1944, 
42, No 49, p 126 

*19 V A Kahclievskv and B A Stagner, “ Chemical 
Reflning of Petroli'uni,” Chemical Catalog Co , 1933 , 
ACS Monograpli No 63, p 186 

*20 itoy CToss, “ Handbook of Petroleum, Asplialt, 
and Natural Gas,” Kansas City Testing Lab Bull 25, 
1928 Revision, p 548 



403 


PETROLEUM WAXES (INCLUDING PARAEFIN WAX). 


121 A. U Bowen, Science of Petroleum/* Oxford 
Univ Press, 1938, Vol II, p 1500 

122 Amer. Petroleum Inst “ Petroleum Facts and 
Figures, 7tli Kd , 1041, p 91 

123 H. L Ickcs, Nat Petroleum News, 1944, 37, 
No 1, p 10 

124 L F Teriy, Gas Age, 1944, 93, No 11, p 30 

125 B C Adams, Jr , and F H Botterweich, 
Industiy and Power, 1911, 47, No 5, p 66 

126 Anon , Pipe Line News, 1945, 17, No 7, p 18 

127 j F Pew', “ Natural Gas and its Pro<luets During 
the War,” Petroleum Administration for War, Nov 28, 
1945 

128 U S Dept of Interior, Bureau of Mines, Mineral 
Industry Surveys, No MMS-1174, May 25, 1944 

129 A Paneth, ‘‘ Science of Petroleum,” Oxford 
Univ Press, 1938, Vol 11, p 1511 

130 G Eglotl and M Alexander, Refiner, 1944, 23, 
No 6, pp 123-128 

131 Amer Petroleum Inst , ” Petroleum Facts and 
Figures,” 7th cd , 1941, p 113 

1^2 US Dept of Intciior, Bureau of Mines, Mineral 
Industry Surveys, Montiily Petroleum Statement 
No P 258, Released March 5, 1945, p 10 

123 R L Hasche, Chcin and Met Eng 1942, 49, 
No 7, 1) 78. 

134 G. Egloffand E F Nelson, Oil and Gas J 1936, 

35, Nos 6, 7, and 8 

135 Univ (‘1 sal Oil Protluets ('o , unpublished data 

136 A N Sachanen, ‘‘ Conversion of Petroleum,” 
Reinhold Pub Corp., 1940, p 371 

137 Universal Oil Piodiicts Co , unpublished data 

138 A N Sachanen, ” (Joiiveision ot Peti oleum,” 
Reinhold Pub Corp., 1940, p 372 

139 G Egloff and J C Morrell, Ind Eng Chem 
1934, 26, 910 

149 U S Dept of Interior, Buicau ot Minos, Report ^ 
of Investigations, National Motor Gasoline Surve\s 

141 E Graham, Proc A STM, June 21, 1942, 
17th J<ldgar Mai burg lecture. Fig. 6 

1^2 Idem, ibid , Fig 5 

143 J G Detwilcx and M P Doss, ” Science of 
Petroleum,” Oxford Umv Picss, 1038, Vol IV, p 2401 

144 B T Brooks, , Vol 11, p 087. 

J C Morrell and G EgloU, ibid , p 008 

1^*6 Idem, ibid , p 1002 

147 G Bglofl, Oil and Gas J 1936, 35, No 22, p 58 , 
Nat Petroleum News, 1936, 38, No 42, p 25 

148 V N Ipatieff and G Eglofl, Oil and Gas J 1935, 
33, No 52, p 31 , Nat Petroleum New's, 1935, 27, 
No 20, p 24 

149 E D Rossini, Record ot Clionncal Progi css, 1942, 
3, No 4, p 53 

150 G Eglott and P M Van Arsdell, In.st. Petroleum, 
1041,27, No 210, p 121. 

151 G. Eglotl, J Chcni Educ 1941,18,582 

152 M Van Winkle, ” Aviation Gasoline Mami- 
factuic,” McGraw-Hill Co , 1944, p 203 

153 x^oy Cross, ” Handbook ot Petroleum, Asphalt, 
and Natural Gas,” Kansas City Testing Lab Bull 25, 
1 928 Revision, p 350. 

154 Amer Petroleum Inst , ” Petroleum Facts and 
ITgurcs,” 7th ed , 1941, p 106 

155 u S Dept of Inteiior, Bureau of Mines, Mineral 
Industiy Surveys, Monthly Petroleum Statement 
No P 258, Released Maich 5, 1945, p 10 

156 M Van Winkle, “Aviation Gasoline Manu- 
facture,” MfGiaw-Hill Co , 1044 

157 R c Alden and B Parker, Oil and Gas J 1937, 

36, No. 1, p 72 

158 c C Pryor, Petroleum Engineer, 1943, 14, 
No 6, p 61 

159 Petroleum Industry War Committee, Nat. 
Petroleum News, 1944, 36, No 15, p 22 

160 Anon , Fortune, 1943, 27, No 5, p 152 

161 C F Ketteiing, Ind Eng Chem 1944, 36 

162 M Van Winkle, Refiner, 1943, 22, No 9, p 273 

163 A T Colwell, R E ('ummings, and D E 
Anderson, Soc Auto Engrs Detroit Meeting, Jan 8, 
1945 

164 British Information Services, Report on the Fly- 
ing Bomb, D-549, Sept 1944 

165 Anon , Science News Letter, 1944, 46, No 23, 
p 357 

166 G D Boerlage and J J Broc/o, “ Science of 
Potroleura,” Oxford Umv Press, 1938, Vol IV, pp 2486, 
2495 

167 J s Bogen and G C Wilson, Nat Petroleum 
News, Tech Sect 1944, 36, No 18, p R-284 

168 Amer Petroleum Inst , “ Petroleum Facts and 
Figures,” 7th ed , 1941, p 54 

169 J KewTcy and C L Gilbert, “ Science of 
Petroleum,” Oxford Univ. Press, 1938, Vol IV, p. 2483 


170 A T Colwell, “ Fuel Requirements for Farm 
Tractors,” Soc of Auto Engrs Milwaukee Meeting, 
Sept 13, 1944 

171 G. Egloff and P M Van Arsdt,ll, Chem and Eng 
News, 1942, 20, 649 

172 G Eglott and M Alexander, Refiner, 1944, 23, 
No 6, pp 123-128 

123 A L Foster, Oil and Gas J , 1944, 42, No 35, 
p 39 

174 G Eglott and P M Van Arsdell, “ Motor Vehicles 
Propelled by Producer Gas,” Amor (Ticm Soc itttts- 
burgh Meeting, Sept n, 1943 ; Petroleum Division 

175 J Kewlev and C L Gilbeit, “ Science of 
Potroleum,” Oxford Umv Pre.ss, 1938, \ ul IV, 
pp 2470 et seq 

176 A W Trusty, Petroleum Engincei, 1943, 14, 
No 8, p 118 

177 XT S Dept of Inteiior, Bureau of Minos, Mineral 
Industry Surveys, Monthly Petroleum Statement 
No P 268, Released Maich 5, 1945, p 3 

128 F O. Rossini and B J Man, “ Progress Report 
on the Hydrocarbons m tlie Kerosene Fraction ot 
Petiohaim,” Project 6, Aniei Petiolcuni Inst Meeting, 
San Fiancisco, Nov 5, 1941 

129 R H. Grlttith, “ Science ol Peti oleum,” Oxford 
Umv Press, 1938, Vol IV p 2523 

180 J. J Moigan, “ Manulactured Gas,” J J Morgan, 
1925, Vol I, p 265 

181 J A Van Dyk, Het Gas, 1933, 53 , Amer Chem 
Abs 1034, 28, 885 

182 E T Knight, Fuel Oil New'S, 15 Sept 1944, 
p .15 

183 J s S Branie, “ Science of Petroleum,” Oxford 
Umv Press, 1938, Vol IV, p 2548 

184 A S T M Standaids on Petiolcum Products and 
Lubricants, 1937, p 354 

185 \v J Wilson and S T Minchin, “ Science of 
Petroleum,” Oxford Univ Press, 1938, Vol IV, p 2079 

186 \V H Bahlke, R N Giles, and V K Adams, 
“ Dewaxing Oils m Propane Solution with Self-iidiigeia- 
tion,’* Amer Petroleum Inst , Tulsa Meeting, May 18, 
1933 

187 B T Brooks, “ Science ot Petroleum,” Oxford 
Univ Press, 1938, Vol 11, p 994 

188 11 Abraham, “ Aspiialfs and Alli(‘d Substances,” 
V'an Nostrand Co , 1929, p 4 

189 \v W Goulston, “ Science of Petroleum,” Oxfoicl 
Univ Press 1938, Vol IV, pp 2690 ef 

190 U S Dept of Inteiior, Bureau ol Mines, Minoial 
Industry Surveys, Monthly Pcti oleum Statement 
No P 258, Released March 5, 1945, p 4 

191 s F Birch, “ Science of Petroleum,” Oxfoid 
Umv Press, 1938, Vol IV, })p 2^30 et ,seq 

192 li L Wakeman anil B H Well, Nat Petioleum 
News, 1943, 35, No 22, p R--264 

193 B Dewey, Ainei 1C an Magazine, 1944, 138, No 0, 
p 25 

194 11 1 Kraniei,Ind Eng Chem 1942,34,243. 

195 Seminole, Oklahoma, Chambci ot Commerce, 
“ IToducts from Petroleum,” p 12 

196 E M Archibald, “ Science ot Petroleum,” Oxford 
Umv Press, 1938, Vol IV, p 2838 

197 Idem, ibid , p 2840 

198 A li Stark, ibid , Vol IT, p 1443 

199 (’. Chilvers, ibid , p 1447 

200 C Potter, ibid , Vol IV, p 2843 

201 G. Egloir, Science, 1940, 96, 2501-2, pp 502 and 
527 

G E 

PETROLEUM WAXES (INCLUDING 
PARAFFIN WAX). There are no generally 
accepted definitions applying to the hydrocarbon 
waxes derived from petroleum and related 
mineral oils The definitions given below, 
which are based on those proposed by Sub- 
Committee No. 8 of the Standardisation Com- 
mittee of the Institute of Petroleum, should be 
regarded as tentative ^ 

“ Petroleum Waxes,” a term covering the 
wax-like materials derived from petroleum and 
related mineral oils {eg, shale oil), are com- 
prised essentially of normal and branched- chain 
paraffins and solid hydrocarbons of other 
saturated series. 

Petroleum waxes generally contain oil as an 
impurity, although, if the oil content is high, the 
mixture is designated by another term such as 
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“Wax Distillate,” “Slope Wax,” “Paraffin 
Scale,’* “ Petrolatum,” “ Petroleum Jelly,” etc. 
{v, infra). The molecular eights of petroleum 
waxes vary from about 225 to 1,000 and their 
setting points (v, infra) from about 16®o. to 105°c. 
Their consistency may be soft, semi-plastic, or 
hard, and the relative size of the crystals may 
vary widely. Their colour varies from almost 
black (very dark brown) to white. 

“ Petroleum Wax ” is therefore a term cover- 
ing all wax -like matenals from petroleum and 
related mineral oils. It may be considered as a 
general definition covering three sub-groups of 
hydrocarbon waxes. 

ParaJ/in Wax Group, 

This group is obtained from an oily distillate 
from certain crude oils and shale oils, etc. which 
consists essentially of wax m association with 
lubricating oil base and the mixture is usually 
termed “ Wax Distillate.” The wax content of 
such a distillate varies accordmg to the origin 
of, and the placement of the cut m, the crude 
oil. “ Wax Distillates ” may vary in wax con- 
tent from under 1% to over 40%. (For methods 
of wax recovery, v, infra.) 

The essential difference between waxes of this 
and the other two groups described below is that 
the paraffin wax group is comprised of waxes 
that have been distilled from a crude oil. 
When fully refined, they have a very low oil 
content {ca, 0*3% or under) and a relatively 
pronounced crystallinity. They are white, and 
exhibit varying degrees of translucency depend- 
ing on the setting point and source, the best 
examples are tasteless and odourless. They 
consist m the mam of complex mixtures of the 
solid normal paraffins (v, in fra). The molecular 
weights of paraffin waxes range from about 225 
to 460, and their setting points from 30° to 70°c. 

Semi-refined paraffin is also produced and is 
termed “ Scale-wax ” or “ White Scale.” Its 
main difference from paraffin wax is its higher 
oil content, which varies from 1-5%. It is 
usually less translucent in appearance, may be 
slightly more yellow in colour, and have a 
slightly more pronounced oily odour. 

Petrolatum Waxes and Petroleum Ceresins (Micro- 
crystalline and Amorphous Waxes), 

The two remaining groups are frequently 
referred to by the general term “ microcrystal- 
Ime ” (or amorphous) waxes. They are obtained 
from the distillation residues from some crude 
oils and therefore have a relatively high mole- 
cular weight (over 460). 

They differ markedly in properties from 
paraffin wax, one of the most important differ- 
ences bemg their very much finer crystallmity. 
Strictly speaking, they cannot be regarded as 
amorphous, as they all appear to exhibit some 
degree of crystallinity, but they are not micro- 
crystalline, if by that term is implied any 
definite crystalline form. The complexity of the 
mixture appears to prevent the development of 
any well-defined crystal masses. Such waxes 
exhibit a very wide range of properties; e,g,f 
from soft and highly plastic to hard. It appears 


as if the softer waxes are mainly comprised of 
solid saturated hydrocarbons other than n- 
paraffins, and the harder ones mamly of n- 
paraflins. For this reason the definitions sug- 
gested ^ recommend that waxes obtained from 
distillation residues from crude oils be sub- 
divided into two groups : the first to be known 
as “ Petrolatum Waxes ” which refers to the 
softer waxes containing mainly hydrocarbon 
waxes other than w-paraffins, and the second, 
the harder, to be known as “ Petroleum Ceresm 
Group ” comprised mainly of hydrocarbons of 
the ^-paraffin senes. 

In practice, waxes from distillation residues 
from crude oils are rarely definitely “ Petrola- 
tum Waxes,” or “ Petroleum Ceresms ” but vary 
towards one limit or the other depending on the 
crude oil and the method of preparation. This, 
of course, is only to be expected, since different 
crude oils vary in the relative quantities of 
normal and other saturated solid hydrocarbons, 
and no commercial method of production is yet 
available which effects a complete separation of 
such sohd hydrocarbons. 

(i) Petrolatum Waxes, — ^Theso are waxes of 
fine crystalhne structure, which vary in con- 
sistency from salve-hke to plastic. They vary 
in colour from dark brown to white, the white 
examples often exhibitmg some degree of trans- 
lucency. The molecular weight is usually over 
460, and the setting points, which in many cases 
are very ill-defined, range from about 35° to 
85°c. They contain considerable quantities of 
saturated hydrocarbons other than ?i-paraffins. 

Certain petrolatum waxes produce petroleum 
jellies in admixture with substantial quantities 
of a suitable mineral od. 

(ii) Petroleum Ceresins, — These are also waxes 
of fine crystalline structure, which vary in colour 
from dark brown to white. Unlike the petrolatum 
waxes, they are hard and brittle, and this con- 
stitutes the main difference between those two 
groups. Petroleum ceresms have molecular 
weights ranging from about 450 to 1,000 and 
settmg points from 70 to 105°o. Their composi- 
tion is at present somewhat obscure, but they 
appear to be comprised m the main of relatively 
high molecular weight w-paraffins, or paraffins 
with only a moderate degree of cham branching. 

Methods of Production of Petroleum 
Waxes. 

The production of petroleum waxes from 
crude oil is essentially a matter of purification. 
Relatively large quantities of oil have to be 
removed from the crude wax stock, and often 
also quantities of resinous and asphaltic 
materials. Further, many refined waxes are 
comprised of intentionally restricted ranges of 
solid hydrocarbon constituents, because such are 
better adapted to most apphcations. 

A. Paraffin Wax Group. 

As already indicated above, paraffin wax in 
association with lubricating oil base is present 
in the oily distillate obtained from some crude 
oils. Thi§ distillate is obtained under vacuum 
and often in the presence of steam. Its boiling 
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range varies considerably, depending on the 
crude oil, but may be roughly taken as from 
300-600°c. at ordinary pressure. Wax distillates 
may contain up to about 40-60% of wax depend- 
ing on the source of the Crude Oil. For example, 
crude oils from S.E. Asia may give wax distil- 
late containing 40% of wax, whereas certain 
European and American crude oils may yield 
wax distillates con taming well under 10% of 
wax. 

Only two of the more usual methods of pro- 
duction will bo described. 

(i) Pressing and Sweating.^* 

The pressing and sweatmg sequence of opera- 
tions is conducted as follows 

The wax distillate is first chilled to the 
required pressing temperature and then pumped 
to filter presses. The wax, in admixture with a 
certain amount of oil, is retained between the 
filter blankets, and the oil drains off as filtrate. 
The presses vary in design, but may be of the 
4 ft. diameter plate type, consisting of, say, 600 
plates per press Design of the plates, spacing 
of the plates, and weave and treatment of the 
cloths, vary considerably. Pressures imposed 
also vary, the maximum being in the neighbour- 
hood of 600 lb. per sq. in. 

If the wax content of the wax distillate is low, 
one pressing operation at a suitable sub-atmo- 
spheric temperature may suffice to remove all 
the marketable wax, but where the wax distillate 
con tarns large quantities of wax, a senes of 
pressing operations is often desirable. For 
example, the wax distillate is chilled to the first 
pressing temperature, and the filtrate oil chilled 
to the next, and so on, until the requisite wax 
removal has been effected. In this instance, the 
operation amounts to a series of crystalhsations 
conducted at descending temperatures with the 
oil as solvent. In this manner a segregation of 
wax according to solubility (and therefore setting 
pomt) may be realised in the pressing opera- 
tion. 

iSmee the press cakes are not washed, they 
contain oil, which varies from about 7 to 40% 
depending on the crude oil, the wax content of 
the wax distillate cut, and the temperature at 
which the wax distillate is pressed. These 
crude wax cakes are known as “ slack wax ” or 
“ crude scale.” 

The slack wax is further purified by a process 
known as sweating which, essentially, is partial 
melting. It aims at effectmg two separations at 
the same time . 

(а) The removal of oil to a final wax product 

containing under 0*3% of oil ; 

(б) Segregation of the wax into ranges of 

setting point. 

Many different typos of sweater are employed 
of widely varying design ranging from relatively 
large buildings housing banks of shallow trays 
(to hold the slack wax undergoing sweating) to 
tanka heated by closely spaced vertical tubes. 
In all cases the principle is the same, namely, 
the slack wax is charged in the molten condition 
to the trays or tanks and then cooled and 


solidified to the required initial sweating tem- 
perature. Any liquid is then allowed to drain 
from the slack-wax mass. These drainings aro 
termed “ sweats ” or “ foots oil.’* The tempera- 
ture of the sweater is then raised (by the circula- 
tion of warm air or water, or both) so that sweats 
flow continuously from the sweating mass. It 
IS usually the custom to keep the sw'eating rate 
reasonably constant, and this may vary from 
1 to 6% of the charge per hour. This is realised 
by gradually raising the temperature of the 
sweater either continuously or in a series of 
small temperature intervals. As the operation 
proceeds, the oil content of the “ sweats ” falls 
until a residue is loft of much lower oil content 
than the charge. The residue is melted out, and 
if necessary re-sweated. Intermediate cuts aro 
also re-sweated (recycled) until, finally, two 
products remain : (a) the residue wax of the 
desired oil content which requires a finishmg 
treatment, and (b) the combmed foots oil which 
may contam up to 70% of oil. 

Sweatmg schemes may become most complex 
in an endeavour to recover all marketable wax.®^ 

A simple sweating scheme would be . 


Slack wax 


Sweaters- 

1 

1 

1 

Sweats or 
** foots 
oil” 

40% of 1 

charge / 

45% oil 


Residue 

00% ot 
charge 

1% of oil 

1 — Rc-sweated 

1 1 

i 

Ist cut 
20% of 
charge 

2nd cut Residue 
40% of 40% of 
— charge charge 


under 
0 5% oil 


Sweating, as normally practised, is discon- 
tinuous and IS a slow operation, much time 
being involved in charging, coolmg, and melting 
out, apart from the actual sweatmg. A quick 
sweating, say on a 40-50 ton charge, rarely takes 
less than 24 hours, but a more usual period is 
from 30 to 96 hours or more. It is, however, 
reasonably cheap, and the equipment is simple, 
no special solvents being required. 

The actual mechanism by which sweating 
accomplishes de-oilmg may be conceived some- 
what as follows. The waxes of lowest setting 
pomt liquefy first within the mterstices of the 
mass of slack wax, thereby dilutmg the oil which 
is held on the crystal surfaces. When the mter- 
stices are full, oily liquid (sweats) is ejected from 
the mass. This proceeds as sweating continues, 
thereby accomplishing a continuous washing 
operation within the sweatmg mass, where the 
solvent is the low setting-point portion of the 
wax, or, 

dwIds^^wjL 

where dw/ds is the concentration of oil in sweats 
at any stage of the operation, w is the weight of 
od in the sweatmg mass, and L is the weight of 
liquid. 
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An example of the de-oiling achieved by 
sweating is shown in Table I below 

Table I — Sweating of Slack Wax 


Oil content, 17 5% ; setting point, 41 9°c 
Sweated into 10% fractions by volume 


Fraction 

Sotting point, °C 

% oil by weight 

1 

33 0 

51-2 

2 

38 1 

32 8 

3 

38 7 

28 5 

4 

40 7 

21 1 

5 

42 5 

13 6 

6 

44 2 

6 51 

7 

45 3 

2 78 

8 

46-0 

0-97 

9 

46 5 

0 42 

10 

47 0 

0 15 


(ii) Solvent De-oilin^ 

In essence, a solvent method of separating 
wax from oil consists in the crystallisation of the 
wax distillate from a suitable solvent, and wash- 
ing the wax cake as fice as possible from oily 
liquor with further quantities of solvent The 
wax cake mav be recrystal lised with solvent and 
rcpro(‘essed if necessary. 

In practice, this requires the employment of a 
solvent which is as selective as possible between 
wax and oil, and that can be recovered and 
recycled at an economic cost Special appliances 
also are required to enable the separation of the 
components, and the recovery of the solvent to 
be effected with the greatest economy. 

A mixed solvent is much favoured at present 
This consists of methyl ethyl ketone and ben- 
zene. The ratio of the hydrocarbon to the 
ketone may run as high as 10 to 1, and a mixture 
of benzene-toluene may be employed. The 
reason for the selection of the ketone is mainly 
on account of its solvent power on the oil com- 
bined with a low solubility of wax at low tem- 
peratures But most oils associated with wax 
in wax distillate cuts are not completely soluble 
m the ketone and, for this reason, benzene or 
benzene-toluene is added. Other ketones have 
also been employed, e.g , acetone and methyl 
propyl ketone. 

Ethylene dichloride is also employed and also 
methylene-ethylene chloride mixture. 

The method of conducting the separation 
varies widely. Thus, the solvent may bo added 
to the molten wax distillate and the mixture 
either slowly or shock chilled The wax distil- 
late may be partially chilled until wax starts to 
separate, and then the solvent added and cooling 
continued to the desired point. In all cases, of 
course, the chilling of the mixture is carried 
down to the temperature necessary to give a 
solvent-free residue of the desired set point. 
The mixture is filtered at this temperature on a 
continuous rotary filter, washed, and the wax 
cake with the remaining solvent removed. The 
washed wax-cake plus solvent is usually “ re- 
pulped ** at the same temperature with solvent 
and again filtered and washed. In certain in- 


stances, recrystallisation may be carried out. 
Various alternatives clearly exist for concur- 
rently effecting a solubility separation (and 
therefore a setting-point separation) of the wax 
constituents, by de-oiling at a senes of falling 
temperatures, or by total de-oiling in one stage, 
followed by re-running the de-oiled wax at a 
senes of falling temperatures 

Economies are effected by utilisation of wash 
liquors instead of fresh solvent at suitable points 
in the process, by effecting as complete recovery 
as possible of the solvent (less than 0-04% loss 
on solvent turnover is claimed), and by taking 
advantage of heat exchangers wherever possible. 

Fimslung Treatment of Paraffin Waxes, 

The refined paraffin waxes obtained from the 
processes outlined above are substantially oil- 
free (i e.f should contain less than 0 3%), but 
they are generally very slightly yellowish. Pro- 
ducts from pressing and sweating may also have 
a slight odour. They are therefore given a 
finishing treatment to lemove residual colour 
and odour Percolation through, or agitation 
with, an adsorptive earth may be employed (i e , 
special grades of Fullers’ earth and bauxite) , 
sulphuric acid treatment, followed by neutrali- 
sation, IS also practised. The finished wax 
should be colourless and odouiless, and not show 
a tendency to become yellow or daik in storage 
or when exposed to light 

Finally the waxes are slabbed by casting in 
open pans, or more usually, shock chilled in 
water-cooled press moulds. The slabbed wax, 
which may then bo cotton covered, is placed in 
good quality gunny or hessian bags. 

The setting-point grades normally available 
in Great Britain are 106-108®f , 11()-112°f, 
112-lir)°F, 118-120 °f, 122-125°f, 125-130°f., 
130-135°f, 135-140^f, 140-145°f, 145-150°f , 
and occasionally higher up to 160°p In general 
the price rises with the setting point. 

“ White Scale ” or “ Scale Wax ” is also 
normally available It is slightly less refined 
{vide supia) containing somewhat more oil (up 
to 5% but usually from 1 to 2%) and being often 
of a slightly yellow colour. It may be sold 
slabbed or as pressed flakes in wooden drums, 
and IS cheaper than paraffin wax. 

B. Petrolatum Waxes and Petroleum 
Ceresins (Microcrystalline and Amor- 
phous Waxes). 

As has been stated above, petrolatum waxes 
and petroleum ceresins are usually obtained 
from distillation residues of some crude oils. 
Such residues are a highly complex mixture 
of high molecular-weight hydrocarbons. For 
example, a wax-bearing residue will probably be 
a mixture of asphaltic materials, petroleum 
resins, high molecular-weight oils and waxes, 
which latter will range m setting pomt from 
about 36® to 100°o. Resolution of such residua 
into their commercially valuable constituents is 
considerably more complicated than the resolu- 
tion of a wax distillate, and the residue from a 
given crude oil represents a special problem, 
generally requiring a special study on its own. 
The wax contents also vary considerably for 
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different residues (from ml to 40% or over). 
Some residues may contain waxes mainly of the 
petrolatum wax type and other waxes mainly 
of the petroleum ceresin type ; thus, no reliable 
generalisations are possible. 

One method that may bo applied to many such 
residua (with suitable modification to suit the 
special properties of each) is first to do-asphaltise 
and de-resinify the residue with liquid propane, 
and then to extract the treated residue with a 
suitable solvent (e g., phenol). The refined 
residue, which will now consist essentially of a 
mixture of heavy oil and wax, is treated by the 
solvent de-waxing or de-oilmg process described 
above. The crude wax cakes are then re-run if 
further purification is desired. 

The waxes obtamcd are quite different from 
ordinary paraffin wax {v. supra). They are not 
so readily obtained as white products, due to the 
cost of removing last traces of colour. An 
interesting difference between petrolatum waxes 
and petroleum ceresins on the one hand and 
paraffin wax on the other, is that the latter are 
markedly affected by the presence of relatively 
small quantities of oil, c <7 , 0 75% of oil in a 
refined paraffin wax will have a very adverse 
effect on the mechanical properties and render 
it crumbly, whereas most petrolatum waxes and 
petroleum ceresms can hold 5% of oil or more 
without any apparent effect 

Methods of Testing. 

The official methods of testing petroleum 
waxes are laid down in the book of “ Standard 
Methods ” published by the Institute of 
Petroleum and the A S T.M. Standards Book. 
Referenee to these books should bo made for 
details of test. 

For paraffin wax, the following tests are usual: 

(I) Setting Point’ derived from a cooling 

curve — I P. 55/44 

(II) Colour usually measured by the Lovi- 

bond Tintometer in Great Britain in an 
18-in. cell and with the 510 Yellow series 
and the 200 Red senes of glasses (I.P 
17/45). A properly refined wax should 
have a colour of about 1 Yellow in this 
cell 

The A.S.T.M. Handbook details a standard 
method of test for Oil Content of Paraffin Wax 
(A.S.T.M. Designation D 721-44). This method 
has not yet been adopted in Great Britain. 

One of the difficulties of oil-content determma- 
tion IS that the extracted oil contains a greater 
or less proportion of wax. Thus, oil extracts 
from wax may exhibit setting or congealing 
points (I.P. 76/44T), of well over 15°o. In this 
writing, oil is taken as the quantity of oil extract 
obtainable of a congealing pomt of 1 3-1 5®o. 

For petrolatum waxes and petroleum ceresins 
no special standard tests are described except 
the congealmg pomt (I.P. 76/44T). The test 
covers those cases where the setting point is too 
ill-defined by other methods to give any result. 

It will be evident from the above that very 
few standard tests are available for petroleum 
waxes. In practice, other tests are frequently 
employed; these will be dealt with where neces- 
sary under the heading of “ Properties ” below. 
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Composition of Petroleum Waxes. 

(i) General , — As far as the paraffin wax group 
is concerned, all published work on the sub- 
ject is agreed that the components occurring 
m preponderating quantity are the solid mem- 
bers of the 7i-paraffin series of setting point 
roughly from about 15°c (say C^q) to about 
70-75°c (say C35). This remark is a general one 
and does not necessarily apply to any special 
setting-point grade where the setting-point range 
is intentionally bmited. 

Further, it may be taken as well established 
that petroleum waxes also contain smaller 
amounts of solid members of other series of 
saturated hydrocarbons.^' ® It has not yet 
been established with any certainty what these 
series are, beyond the purely general statement 
that they appear to consist of branched chain 
paraffins, and also of solid saturated cyclic 
hydrocarbons No individual has been separated 
m sufficient quantity for exact identification 
The evidence for the presence of these senes is 
based on the fact that concentrates that differ 
markedly in physical properties from w-paraffins 
of the same sottmg point, molecular weight, or 
boiling-point, may be separated from paraffin 
waxes by purification by fractional distillation 
alternated with recrystallisation from suitable 
solvents.®' ® In certain instances, properties of 
such concentrates are best accounted for on the 
supposition that a portion at least is of the solid 
cyclic-paraffin class ; such properties include, 
for example, the results of ultimate analysis,’ 
and the observation that such a concentrate may 
have a viscosity substantially higher than a 
w-paraffin of the same molecular weight ® 

Considerable discussion has taken place over 
the crystalline form of paraffin wax, e.g,, the 
reason as to why it may crystallise as plates or 
needles. Buchler and Graves ® attributed the 
difference to the presence of an “ impurity ” (the 
concentrate of sohd saturated hydrocarbons 
other than w-paraffins) which they termed ‘‘ soft 
wax ” The term appears an excellent one, inas- 
much as the most obvious difference between this 
concentrate and mixtures of n-paraffins is that 
the former is always very much softer. 

Ferns, Cowles, and Henderson,® by fractional 
distillation and recry stallisation processes, iso- 
lated three different types of fractions which 
showed three different modes of crystallisation. 
Most gave plate -typo crystals; another group 
crystallised as needles, and the third assumed 
forms that could not be identified. Those were 
termed “ mal crystalline.” 

It was concluded that the plate-type crystals 
represent w-paraffins, and the needle and mal- 
crystallme, the “ soft wax ” of Buchler and 
Graves. 

In an mterostmg more recent paper, Ferns 
and Cowles ® suggest that the w-paraffins crystal- 
lise as plates, the cyclic hydrocarbons as needles 
(fractions of lowest setting point) and those of 
mtermediate setting point — ^possibly branched 
cham paraffins — form mal crystals. If the types 
are mixed, and the solubihty relations are such 
that more than one type can crystallise simul- 
taneously, either the needle or mal can impress 
its form on the plate. 

In the case of petrolatum waxes and petroleum 
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ceresins, the position is more obscure, partly 
because such mixtures are even more complex 
than the paraffin-wax group, partly because of 
the difficulty of satisfactory purification of these 
waxes, and partly because a sufficient number 
of pure synthetic hydrocarbons of those ranges 
(mol. wt. over 450) have not been available for 
comparison. However, by such separations that 
have been accomplished,^ and by inference from 
various physical properties, it appears that with 
these groups also, the w-paraffins and other solid 
saturated hydrocarbons occur, although there 
seems to be a tendency for many crude oils to 
yield waxes from their residues which contain a 
preponderatmg quantity of sohd hydrocarbons 
of other series, and smaller quantities of the 
w-paraffin series {e,g , waxes of the petrolatum- 
wax group). 

(ii) Composition of Commercial Grades of 
Paraffin Wax . — Grades of paraffin wax are com- 
mercially available to certain settmg-pomt 
specifications; e.g., a grade termed 125-130 
(i e.f 51-54°o.). Such grades have a sotting pomt 
intermediate between the specified limits, e g.y a 
125-130 grade wax may have a setting point of 
128-3 °f. ’ 

Such grades have been prepared from a crude 
oil (or shale oil), probably by one of the two 


processes described above, whereby a solid 
hydrocarbon mixture of the specified setting 
point has been separated from other waxes 
present in the crude oil. The range of con- 
stituents it contains is therefore loss than the 
total range of solid hydrocarbons contained in 
the parent crude oil. Such a paraffin wax will, 
therefore, consist of a range of n-paraffins and 
solid hydrocarbons of other series in sub- 
stantially smaller quantities, which have a 
mean, or average, settmg point between the 
limits quoted. 

There is little published data giving informa- 
tion on the approximate ranges of components 
which comprise such commercial grades. The 
data given in Tables II and III below are there- 
fore presented. Table II refers to the 112-115°f. 
grade and Table III to the 145-150°f. grade. The 
first refers to a wax separated from Burma crude 
oil, and the second to a wax from Assam crude 
oil. Both waxes were obtained by the pressing- 
sweating sequences of operation The yields 
given aie approximate and the separation was 
not carried very far. However, the data should 
be sufficient to show that the range of settmg 
points m each grade is considerable. Further 
resolution would, of course, have shown even a 
wider setting-point distribution of constituents. 


Table II. — Resolution of a Commebcial Wax, Setting Point 45 6®o. (from Burma 
Crude Oil), into Fractions bv Distillation and Recrystallis\tion 


Fraction by distillation at 2 mm 
tlirough (raotlonatmg column 

Setting pomt, 

' c , of fraction 

Setting point, 

, of compon- 
ents aftci ciy- 
stallisation 
from solvent 

Yield, % weight 
on starting 
material 






Refractive index and 

1 

340 


10>| 

density measure- 

2 

39 1 


10 

ment indicated 

3 

41 6 


10 1 

that these frac- 

4 

42 6 


10 I 

tions consisted of 

5 

44 7 


loJ 

w-paraffin mixtures 

G 

46-7 




Crystallised from benzene 0 


47-6 

7-5 


F 


42-8 

2 5* 


7 . 

49 0 

i 



Crystallised from benzene C ! 


60-4 

80 


F 


42*1 

2.0* 


8 

510 




Crystallised from benzene C 


540 

66 


F 


44 7 

3 4* 


Residue 

53 0 

i 



Crystallised from benzene C 


58-9 

10-7 


Methyl ethyl ketone . C 


42-5 1 

6 8* 


Filtrate liquor, oil . 



2-4 



C : solvent-freo crystals ; F . solvent-free wax from filtrate 
* Concentrates of solid saturated hydrocarbons other than n-parafflns 14 7% 
Properties of purified filtrate wax from residue * 


Setting point . . 42 B°c. 

Mol weight .... 423 

nj? 1-4461 
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Table III. — Resolution of a Commeeoial 
Wax, Setting Point 63*4°o.,’ from Assam 
Crude On., into Fractions by Distilla- 
tion AND Recrystallisation. 


Fraction by 
distillation at 

2 Him through 
a fractionating 
column. 

Setting * 
point, 
°C 

Setting 
point, 
®0. of 
ponents 
after 
crystal- 
lisation 
from 1 
solvent 

Yield, % weight 
on starting 
material. 





cf racti\c 

1 

53 0 


10 

index and 

2 

58 8 


10 

density mca- 

.3 

61 5 


10 

surement in- 

4 

63 0 



dicated that 

5 

63 5 


10^ 

these frac- 

6 

65 1 


10 

tioris con- 

7 

65 7 


10 

sisted of n- 

8 

67 1 


10 

paraffin mix- 





^tuica 

Residue 

69 4 




Recrystallisatod 





from benzcTK' 





(solvent-free) 


70 4 


17 4 

Filtrate extract, 





waxy oil 


41 0 


2 6 


Tho fraction isolated as solid saturated hydro- 
carbons other than w-paraffins can be only taken 
as a concentrate, and therefore the actual 
quantity of such components would bo less than 
the combined total given (Table II). A pure 
n-paraffin of about the same setting point as the 
purified filtrate wax from the residue (t.e., setting 
point 42 5°f.) would bo about C 21 or C 22 of a 
molecular weight of about 300 and 1*4300. 
It will also be noted that the higher settmg-point 
paraffin wax (Table III) is comprised sub- 
stantially of n-paraffins. It appears usual for 
waxes separated by pressmg and sweating to con- 
tam loss solid components, other than n- 
paraffins, as tho sotting point rises. 

Physical Properties. 

In view of the fact that petroleum waxes 
appear to consist in the mam of the w-paraffin 
series, it is only natural to find that tho proper- 
ties of such waxes conform m a greater or less 
( legree to the properties of this series. Neverthe- 
less, these properties are often much modified, 
due to the fact that commercial waxes are wide 
mixtures of the w-paraffins and that they may 
also contain solid saturated hydrocarbons of 
other series. In general, however, the com- 
plexity of the mixture of the w -paraffins appears 
to account more for such deviations than the 
presence of other saturated series ; for example, 
fractioAs of n-paraffins mixtures freed from other 
solid components will, when suitably blended, 
give a product not distinguishable from a 
normal grade of paraffin wax. 

(i) Setting Point . — This has already been 
covered under various sections above. 

(u) Transition Point . — It is well known that 
the pure solid n-paraffin of the setting-point 
ranges covering commercial waxes have a 
transition point a few degrees below the setting 

point.lO. IL 12. 13. 14. 16 
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It has also been found that a few commercial 
Paraffin Waxes exhibit transition as measured 
[ by variation of density in tho ranges between the 
I setting point and 15®c by thermometno 
observation, 1 ®’ 1 ® and by variation of other 
properties such as electrical resistance and 
solubility. 1 ® Transition points of commercial 
paraffin waxes are always substantially lower 
than the transition point of a pure n-paraffin of 
the same setting point. The onset of transition 
effects during coohng appear also to be partly 
responsible for the changes m appearance of a 
paraffin wax as it solidifies. 

In most cases paraffin waxes do not show a 
transition point by thermometric methods 
and it appears as if only a fraction or none under- 
goes transition on coohng. This probably ac- 
counts for some of the divergences observable 
between recorded solid properties of waxes of 
the same setting point (e g , the wide variations 
in the latent heats of fusion). It appears that 
the more complex the mixture comprismg tho 
commercial wax, the further is the transition 
point depressed, and tho smaller the extent to 
which transition occurs. Many waxes at normal 
temperatures appear to be m tho high tempera- 
ture stable form, and this partly accounts for 
their translucency and plasticity (although the 
plasticity often appears more dependent on 
components other than w-paraffins). 

The subject of the polymorphism of the n- 
paraffins is an extensive one, and tho original 
literature should be consulted for further 
details 10' 

(ill) Specific Oravity. — {a) Liquid State . — Tho 
specific gravity of petroleum waxes varies both 
with the setting point, the crude oil from which 
they are obtamed, and the method of production. 
The value of of commercial paraffin waxes 
of setting points ranging from about 48 to 60°o. 
may bo taken as ranging from about 0*7700 to 
0*7850 (i.e., very roughly 0 0020-0 0080 above 
the density of the n-paraffins of the same setting 
point). The petrolatum waxes and petroleum 
ceresms have a substantially higher density, 
namely from about 0 8000 to 0 8500.®^ 

A moan value of temperature coefficient for 
all waxes may bo taken as approximately 0*0007 
jier degree c. 

(6) Solid State . — The determination of tho 
density of waxes in the solid state needs special 
precautions due to the fact that air is readily 
occluded in the wax.^®’ 

The variation of density of wax in the solid 
state with temperature may show discontinuities 
due to the transition effect referred to above. ^® 

Some typical values at 16 6°o. are 


Table IV. — ^Density of Solid Paraffin 
Wax at 15*6°o. 


Setting point, ®c 

Density. 

494 

0*897 

62-2 

0*909 

650 

0*909 

606 

0 911 

67 8 

0*914 



410 PETROLEUM WAXES (INCLUDING PARAFFIN WAX). 


(iv) Refractive Index (in the Liquid State ). — 
This 18 a readily determined property of con- 
siderable use in classifying petroleum waxes, 
but the method of classification described below 
only applies if the wax is substantially free from 
oil. The refractive indices of the pure n- 
paraffins are available from the literature and the 
observed values of commercial waxes may be 
directly compared with thcm.^®* ^3. 44 xhe 
relationship between and the settmg point 
in °c. of a ?i -paraffin may be calculated from the 
formula . 

n^=0*0004275(x setting point, °c.)+l 4113 

(derived from data given by M. P. Doss 

The refractive indices of petroleum waxes 
increase with rise of setting point, and also 
increase as the content of senes other than n- 
paraffin increases A commercial wax always 
has a higher refractive mdex than a w-paraffin 
of the same setting point, the difference for a 
paraffin wax being between 0 0005 and 0 0050 
Providing the petroleum wax is substantially oil- 
free it may be inferred that the greater its differ- 
ence in refractive index from that of a w-paraffin 
of the same setting point, the greater its content 
of solid saturatccl hydrocarbons other than n- 
paraffins , but there is, as yet, no quantitative 
relationship known 

The refractive mdices of petroleum ccresins 
and petrolatum waxes (particularly the latter) 
may be 0 0050-0 0200 higher than that of the 
w-paraffins of the same sotting points. 

Examples of actual values aie given in the 
Table below. 


Table V. — Setting Points and Refractive 
Indices of Petroleum Waxes 


Setting pomt, 

Refractive Index, OO^c 


Corrected where necessary 

49 4 

1 4349>, 

1 

52 2 

1-4352 


55 0 

1 4355 

> Paraffin Waxes 

57 8 

1 4370 


60 6 

1 4394J 

1 

63-4 

71-8 

1 45311 
1-4560J 

^ Petrolatum Waxes. 

71-4 

1 4442 

Petroleum Ceresin. 


Temperature coefficient may bo taken as 
0-0004 per degree c 

(v) Solubility . — The solubihty of petroleum 
waxes varies very considerably even for waxes 
of the same mean setting point and molecular 
weight, depending on the composition of the wax 
mixture. Figures available, therefore, only 
apply to the actual wax mixture for which the 
deter mmation was made. 

Various trends may be noted. For the 
paraffin wax group, the solubility in any given 
solvent decreases as the settmg point of the wax 
rises. Waxes are in the main most so)uble m 


hydrocarbons and halogen-substituted hydro- 
carbons. Good solvents for purification are 
benzene, ethylene dichloride, and methyl ethyl 
ketone (for waxes containing oil or solid 
saturated hydrocarbons other than w-paraffins in 
substantial quantity). Ethylene dichloride is a 
good solvent on account of its very steep tem- 
perature solubility curve for wax J. W. Poole ^4 
gives a good general summary on the solubility 
of the paraffin wax group m vanous organic 
solvents. It is concluded that, for any solvent, 
the solubility of wax may be expressed by the 
general equation . 

logWs^A(losT-Ks) 
whore Wg—g of wax per 100 g of solvent, 

A -=a constant dependent on the wax, 
T=absolute temperature, 

constant depending on solvent. 

For the wax employed, A -^38 5. This wax was 
of an American wax of commercial origin, set- 
ting point 50 0°c. It was also split into two 
approximately equal fractions of setting point 
53 9° and 47 3®(3 respectively Various values 
of Ks are quoted from which the following have 
been selected : 


Table VI — Vai.ubs of Ks for Various 
Solvents 


Solvent 


Acetone 

2 4792 

w-Amyl alcohol 

2 4700 

Chlorobenzene 

2 4351 

Chlorofoim 

2 4240 

Ethylene dichloride 

2 4650 

Light petroleum 

2 4277 

Toluene 

2-4307 


The solubility of paraffin wax in pure hydro- 
carbons has been determined for a fraction 
obtained from a commercial paraffin wax by 
careful recrystal lisation from benzene 


Table VII. — Solubility of Purified Paraf- 
fin Wax (Setting Point 56°c , pf 0-775) g 
PER 100 c 0 Solvent. 


Tein- 

pera- 

tiire, 

Pen- 

tane. 

Hexane 

Hep- 

tane 

Octane 

uo- 

Decane 

0 

— 

2 77 

1 37 

0 09 



5 

— 

3 69 

2 18 

1 69 

0 94 

10 

5 11 

4 81 

3 55 

2 90 

1 41 

15 

6 94 

6 07 

5 06 

4 24 

2 74 

20 

9 53 

8 31 

7 18 

5 93 

4 98 

25 

17 16 

16 23 

14 36 

11 66 

9 17 


Figures for the solubility of a refined wax 
(settmg pomt 125-127°f ) of American origin m 
vanous solvents are given in Table VIII 
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Table VIII. — Solubility of 125-127°f. (61- 
53°c.) Paraffin Wax in Various Sol- 
vents. 


Percentage wax in solution 



15 5®c 

21 rc 

26 7^C 

32 2"C 

37 S^C 

43 3°C 

Benzene 

100 

ISO 

35 0 

56 

77 

90 

Carbon 

tetra- 

chloiide 

10 0 

15 0 

31 0 

48 

68 

83 

Etbvlene 

dichlonde 

02 

08 

1 6 

7 

30 

81 


The solubility of paraffin wax m various 
petroleum fractions is given by D S. Davis. 

It may also be noted that, as would be antici- 
pated, the solubihty of the high-temperature 
stable form of paraffin wax {see “ Transition 
Point ” (li)) IS more soluble than the low- 
temperature stable form 1 ® 

(vi) Latent Heat of Fusion — The latent heats 
of fusion of the pure w-paraffins covering the 
langes present in paraffin wax ( 021 - 035 ), run 
from about 37 5 to 42 0 g.-cal for the high- 
temperature stable form and from about 59 5 to 
64 g -cal. for the low- temperature stable 
form ®* This gives a heat of transition of 
about 22 g.-cal. Latent heats of fusion of 
commercial paraffin waxes are substantially 
lower than this 


Table IX — Heats op Fusion of 
Various Commercial Waxes. 


Setting point, ®c 

Latent heat of 
fusion, g -cal 

llefcrences 

51 7 

40 3 

( 27 ) 

52 2 

38-9 

(“) 

52-4 

35 1 

( 2 .) 

65 3 

' 43 8 

( 26 ) 


Even intensive purification of fractions from 
commercial paraffin does not realise the values 
obtained for the pure ?? -paraffins. For example, 
G. S. Parks and S. S. Todd give latent heats 
of fusion of fractions obtained from petroleum 
by Buchler and Graves ® and considered to be 

^20» ^25’ ^33* 


Table X — Latent Heats of Fusion of 
Highly Purified Wax Fractions from 
Petroleum. 


Number of 
carbon atoms 

Setting point, °c 

Latent heat of 
fusion, g -cal 

20 

36-4 

62 0 

26 

63 3 

53 6 

33 

71 1 

540 


For Tables of Heat Content and Heat of 
Solution, see U.S Bureau of Standards Pubh- 
cation 9746, 1929. 

(vii) Specific Heat , — Specific heat in the solid 

state of paraffin wax may be taken as 0*5, 


although higher values may occur near the 
setting point. 

Specific heat in the liquid state is given, 
approximately, by c==0492-l-0 0009^0. between 
the setting point and 300°c. 

(viii) Heat Conductivity — The heat conduc- 
tivity in the solid state increases with temperature 
from about 0 00023 at 0°c. to 0 0006 at 25°c. 111 
units of g.-cal per sec. per cm.® per °c 
(ix) Electric Properties , — Inasmuch as petrol - 
leum waxes are frequently used for insulation 
and as dielectrics, some statement is necessary 
regarding their electrical properties. Very little 
published work exists, however, on this subject. 

Table XI. — Dielectric Properties of 
Paraffin Wax (from I.C.T.). 

Resistivity, />, ohms per cm. cube . 10^®-6x 10^®. 

Sy kv per mm. . 10-50 
Dielectric constant . . 1 9-2 3. 

Loo and Lowry give some electrical proper- 
ties of a paraffin wax and a wax of the mixed 
petrolatum wax and petroleum ceresin type. 

Table XII — Electrical Properties of a 
Paraffin Wax of American Origin (Set- 
ting Point 51 7°c , 0 774) and a Mioro- 

orystaLline Wax, SupERii '^ (Setting 
Point 74°c , 0 937, at 24°o ) with a 

Frequency of 1,000 Cycles per Sec. 



Paraffin wax, 
setting point 
51 7°c 

Microcrvstal- 
lino wax, 

“ Superla,” 
sotting point, 
74°c 

Dielectric constant 

2*19-2 24 

2 32-2 35 

Effective A C. conduc- 
tivity (umt— 10-12 
ohm per cm ) 

<0 37 

4 2-4*6 

Volume resistivity (unit 
— 10 ^® ohm per cm.) 

>290 

>460 


Jackson gives a value of 2*18 for the dielec- 
tric constant for a paraffin wax of Asiatic origin, 
setting point 57°c., at a frequency of lO"^ c p s. 
and a temperature from 10-25°c. 

Jackson has explored various electrical 
properties of paraffin wax, including the D C. 
conductivity. For a paraffin wax, setting point 
57-60°c., (of Asiatic origin) he finds the D.C. 
conductivity varies from mhos per cm. at 

0°c. to 10“^®*® at 47°c , and for a highly purified 
fraction of paraffin wax (from Burma crude oil, 
setting point 56°c ), it varied from at 

0°c. to at 55°c The curves fall to a 

minimum about 10-1 5°c below the setting 
point, and then rise to a maximum, and there- 
after fall as the temperature decreases (Jackson 
plots log mhs. per cm. against temperature). 
The development of the minimum about 10- 
15®c. below the setting point is attributed to 
transition effects in the paraffin wax. 

(x) Mechanical Properties of Petroleum Waxes 
in the Solid State . — It is becoming increasingly 
frequent to test mechanical properties of 
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petroleum waxes. It is known that several 
special tests are employed by large producers 
and consumers but the details have not yet 
been published. 

They fall into three main categories : 

(a) Penetration and Hardness Tests. 

(b) Tensile Strength Testa. 

(c) Rupture Tests. 

It may be said that these tests make some 
endeavour to measure mechanical properties 
that are considered to be of value from the 
standpoint of wax application. They are 
difficult to interpret, the value of such testing 
being mainly of an empirical nature. However, 
it appears that all such tests are much in- 
fluenced by vanation of temperature, presence of 
oil, and composition of the wax mixture. 

(a) Penetration and Hardness Tests. 

A needle -penetration test is gaming in popu- 
larity for the assessment of waxes of the 
petrolatum wax and petroleum ceresin t 3 q)o 
tans test IS the A.S.T.M. D 5-25 and the l.P 
49/46. The result is expressed as the distance 
(in tenths of a millimetre) that a standard needle 
vertically penetrates the sample under known 
conditions of loading, time, and temperature. 
For paraffin waxes, tested at 90°r., the value of 
the penetration varies from about 250 for a wax 
of setting point 61°c. to 12 for a wax of setting 
point of 60®o.*^ 

For waxes of the petrolatum-wax type and 
petroleum -ceresin type, the published pene- 
tration values at 77 ®f. vary from about 25 for 
the former to 12 for the latter,^^ but it is 
probable that other recent additions of waxes of 
these types would show even wider variations. 

A hardness test (devised and employed by the 
Burmah Oil Co., Ltd ) consists in measuring the 
depth to which a 60° cone penetrates a specially 
cast sample of the wax, when under a load of 
1,500 g. for 30 seconds. The hardness number is 
calculated as the load m kg. per sq. cm. (i e , 
Standard Brmell practice). Table XIII below 
gives the variation of hardness of an oil-free 
commercial paraffin wax with mcremental addi- 
tions of the oil normally associated with it. 


Table XIII. — Variation of Cone 
Hardness with Oil Content. 


Percentage oil 
by wei^t. 

Commercial wax, 
setting point 

53 3 V 

Hardness at 15°c 

Commercial wax, 
setting point 

59 ro. ; 

Hardness at IS^c 

0 

62-8 

79-7 

0-25 

61 9 

69-4 


66 6 

64*2 


62-8 

66-9 


47 2 


1*6 

41-6 


20 

39-6 

46-6 


The effect of temperature on hardness by this 
method of two commercial waxes of widely 
different setting point is given in Table XIV. 


Table XIV. — ^Variation in Hardness of 
Two Commercial Waxes with Temperature. 


Temperature, °C 

Middle Eastern 
wax, setting point 
53 VC 

-- 

Assam wax, 
setting point 

63 4°C 

15 5 

61 4 

70 2 

18*3 

61 8 

— 

21 1 

44 4 

731 

23 9 

36 5 

— 

26 7 

22-2 

56 1 

29 4 1 

9 68 

43 0 

32-2 ! 

3 90 

,38 7 

35 0 


36 0 

37*8 


31 8 

40 6 

- - 

24 0 

43 3 

- 

23 1 

46 1 

- - 

15 2 

48-9 

— 

5 87 


(h) Tensile Strength Tests. 

A tensile strength tost is described by Seyer 
and Innouye ^2 who found that waxes examined 
by them behaved as plastic solids at over 30°c. 

Espach describes the Perkins Tensile Tester 
as employed for waxes and gives data on the 
effect of oil on tensile strength. 

Bennett gives value of tensile strength 
(m lb. per J sq in. area) at 90®f. for a variety of 
waxes. The values range from nil to over 60 
but do not bear any obvious relationship to the 
setting point or any other quoted value 

(c) Rupture Tests. 

These tests consist essentially of loading a strip 
of the wax under test and measuring the con- 
ditions under which it fiactures. 

A rupture stiength test {do\ isod and employed 
by the Burmah Oil Co , Ltd ) loads, at a constant 
rate, four test strips cut from a 6 g. cake of the 
wax sample (IJ in. by 2J in.). The weight 
required to break each test piece and also the 
deflection before fracture are observed, and a 
conventional velocity of bending calculated from 
the latter. 

Table XV shows the vaiiation of rupture 
strength of two fully do-oiled commercial 
paraffin waxes with increments of the oil 
normally associated with them. 


Table XV. — Variation of Rupture Strength 
(in g.) with Oil Content at 15-6°o. 


Percentage of 
oil added 

Fully de-olled 
commercial 
125/30°P. grade 

Fully de-olled 
commercial 
135/40®P grade 

01 

345 

304 

0-1 

278 

245 

0-2 

236 

214 

0*3 

188 

177 

0-4 

163 

159 


The effect of temperature on the velocity of 
bending for the same waxes is given in Table 
XVI. 
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Table XVT. — Vabiation of Velocity of 
Bend of Ruptitrb Test Stbip with 
Tempbbature (Hundredths mm./min.). 


Temperature, °o. 

Fully de-olled 
commercial 
125/30°F. grade. 

Fully de-oiled 
commercial 
! 135/40°F. grade. 

4*4 

31 

26 

10 0 

43 

31 

15*6 

77 

46 

21*1 

191 

74 

26*7 

665 

156 


Chemical Propbeties. 

Although paraffin wax is usually stated to be 
chemically very stable, a fact to which the name 
“ paraffin ” is due, the literature on the 
chemistry of commercial wax is so vast that only 
the briefest review is possible. The literature is, 
however, comprehensively summarised by 
Ellis.34. 36 

Briefly the three general fields of investigation 
have been 

(i) Oxidation. 

(li) Halogcnation. 

(ill) Thermal decomposition. 

(i) Oxidation. 

In the main, investigations have followed the 
lino of oxidation at moderate tompeiatures 
(100~200°c ) either at atmospheric or high pres- 
sure in the presence of catalysts and using 
either air or oxygen. A vast number of catalysts 
have been employed and various claims for their 
efficacy have been made. The object of these 
investigations has been the possibility of fatty 
acid production. Fatty acids have been made 
on the commercial scale by this means, and 
have been employed for soap making and for 
the manufacture of edible glycerides in Germany 
and Russia The reaction normally produces a 
variety of products, including fatty acids, 
hydroxy acids, unsaturated acids, ketones, 
aldehydes (both saturated and unsaturated), 
lactones, etc. So far, however, only the rigours 
of war or abnormal economic conditions have 
justified its commercial operation. Many pro- 
blems remain to be solved before paraffin wax 
can be regarded as a suitable raw material for 
fatty acid manufacture. 

(li) Halogcnation. 

Chlormation is quite simply carried out on 
petroleum waxes by passing chlorine through 
the molten wax held at a temperature preferably 
not less than 60°o. or more than 250®c. A variety 
of catalysts have been named as desirable ; and 
the chlormation may be accelerated by the 
choice of a suitable solvent (e.g., carbon tetra- 
chloride^®). 

The chlorination is stopped when the desired 
increase in weight has been realised. The posi- 
tion of entry of the chlorine into the hydrocarbon 
molecule has not yet been really successfully 
controlled, although certain claims in this direc- 
tion have appeared. Chlorinated waxes are 
complex mixtures of unknown composition. 
They have, however, certain commercial uses : 


(a) Preparation of a ‘ Pour-Point depressant ” 
by a reaction between the chlorinated wax and 
an aromatic hydrocarbon in the presence of 
alummium chloride. A trade name for such a 
product IS “ Paraflow ” and it has the effect, with 
certain classes of oil, of depressmg the tempera- 
ture at v hich wax separates. 

(b) For fireproofing. 

(c) As “ Extenders ** for plastics. 

Bromination is stated to be more difficult than 

chlormation. 

Fluormation of paraffin wax has been earned 
out by dissolvmg chlorinated paraffin in benzene 
and treating it at the boilmg-pomt with a mix- 
ture of antimony trifluoride and antimony penta- 
chloride.3^» 3® The product may be used as a 
dielectric. 

(ill) Thermal Decomposition. 

Petroleum ’wax decomposes rapidly at a 
temperature m excess of 450°o. into simpler 
paraffins and olefins. The olefins may bo 
suitably extracted from the reaction mixture. 
The mixture is, of course, highly complex. 

A very large number of chemical reactions are 
clearly possible with such olofinic mixtures. 

A commercial application of this reaction was 
employed durmg the war m Germany when very 
large quantities of lubricating oil were made 
from paraffin wax by its thermal decomposition 
in the presence of a catalyst (e g , aluminium 
chloride) and condensation to high molecular- 
weight oils. 

Utilisation. 

Paraffin wax is mainly of commercial use on 
account of its properties in the solid state. 
These arise because of the complexity of the 
mixture of hydrocarbons that compose it. 
Sharply fractionated wax — where such frac- 
tionation proceeds by distillation and recrystal- 
lisation of refined paraffin wax — is of little use, 
because such fractionated products are far too 
crystaUine and easily disintegrate. 

Prior to 1939 the world consumption of 
paraffin wax had reached 500,000 tons per 
annum. The distribution of this demand in 
Great Britain is detailed m Table XVII.®® 


Table XVII — Distribution of Paraffin 
Wax among Various Applications. • 


Application. 

Percentage of 
application of 
total. 

Candles, night lights, and 

64 

tapers 

Waxed paper and cartons 

16 

Polish materials .... 

10 

Matches 

6 

Electrical insulation . 

3 

Various other applications 

3 


Bennett states, writing of the American 
market, that the approximate distribution of 
paraffin wax is 80% for coating and impregnating 
paper and paper products, 10% for candles, 
and 10% for other applications. Although, as 
Bennett indicates, these figures are difficult to 
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check, it is evident that the American demand 
for wax for coating and impregnating paper 
and paper products is far in excess of this utilisa- 
tion in Great Biitain It seems probable that 
in more normal times the Rntish offtake in this 
direction is likely to show a very considerable 
mcrease. 

The volume and applications of petroleum 
ccresin and petrolatum waxes is at the moment 
obscure The quantities available to the market 
have increased shaiply over the war years As 
far as can bo ascertained the mam use has been 
for coating and impregnation, and not only of 
paper and paper products, but even of tools, 
machine spares and so foith. It is claimed that 
products so coated stand up excellently to severe 
tropical conditions of humidity. The petroleum 
coresins appear to be utilised mainly for elec- 
tiical purposes and m the foimulation of polishes 
and of pharmaceutical pieparations and cos- 
metics 

(i) Candles, etc — The utilisation of paraffin 
wax for this purpose is based on the fact that 
when burnt under suitable conditions, it burns 
with a clear, neaily white, smokeless and odour- 
less flame. 

According to Allan the quality of the 
wax most suitable for candle-making depends on 
the market to be supplied If the wax has too 
high a setting point (c g , above 130°f.) lighting 
difficulties may be encountered , and if the 
setting pomt is too low {e.g , below 120°r ), the 
wax IS too plastic and the candle may become 
distorted or bond in storage or in use Actually 
the composition of the wmx is adjusted by suit- 
able blending ol w^axes of different setting point, 
and by the addition of stearme (or other wax- 
liko or organic materials) Stearme has various 
advantages ; for example, it tends to offset the 
plasticity of some waxes and it increases the 
opacity of the candle The most usual propor- 
tion in which it is added is from 3 to 5%. 

Since waxes of the same setting point may 
vary considerably in their plasticity, due to the 
different ranges of solid saturated hydrocarbons 
they contain, it is evident that waxes from 
different sources wull vary consideiably legard- 
ing their suitability for candle manufacture. 

The wick is adjusted to give proper consump- 
tion of wax according to the diameter of the 
candles 

The following table gives approximate con- 
sumptions aimed at for candles of different dia- 
meter. They apply to a wax of 123-125°f 
setting point with 3-5% of stearme 


Table XVIII. — Diameters of Candles 
AND Consumption 


Diameter in inches 

Uonsiimption, g jicr hr 

1 

2~ 

4 86-5 18 

M 1 

6-48-7 13 

toH 1 

7 78-8-10 

to 1 

8 10-8 42 

' to H 

8 42-8 75 

to 1 

8 75-9 07 

to liV 

9 07-9 40 


Wicks employed are mostly plaited in three 
groups of yarn and so many plaits per inch. 
These three groups may contain each 6 — 12 or 
more strands of cotton and are plaited up to 
10 or 12 plaits per inch. 

Wicks are chemically treated before use to 
assist burning After an initial wash with weak 
caustic soda, bleaching with weak hypochlorite, 
and washing with hydrochloric acid and water 
they are treated with solutions of which the 
mam ingredients may be ammonium sulphate, 
chloride and phosphate, borax, boric acid, and 
potassium nitrate. 

Details of candle- making plant with illustra- 
tions may be obtained from the reference given 
above (see also Vol II, 2G3a) 

Night-lights are designed to burn for relatively 
long periods with a smallei illummation and 
therefore a lower consumption They are made 
from paraffin w ax alone, no stearme being added, 
and white scale may be bleniled with the 
paraffin wax employed. The process of mould- 
ing night-hghts is similar to that of candles, 
except that they are made without wicks. In 
the centre of the mould is a pm which projects 
nearly to the top and this makes a hole into 
which a fine cotton wick, coated with a high 
setting -pomt wax to stiffen it, is later inserted 
by hand. 

Tapers are made by passing cotton yarn back- 
wards and forwards through a bath of wax, and 
then through dies, until the desired thickness is 
attained Thermal conditions are adjusted to 
ensuie that the wax is in a plastic condition 
when it passes through the dies. 

(ii) Coating a7id Impregnating of Paper and 
Paj)er Products, etc — The following excellent 
summaiy of these applications is quoted from 
Gray 

“ Modern methods of production and market- 
ing, whereby perishable goods manufactured m 
one hemisphere may be destined for consumption 
in the other, have brought with them the need 
for new and greatly improved wrapping 
materials, impervious to air, water, and water 
vapour, odourless, tasteless, physiologically in- 
active, robust enough and cheap enough to bo 
commercially practicable Waxed paper and 
cartons have obvious limitations as legards 
robustness, but lulfil all the other requirements. 
For certain applications in which great strength 
and rigidity are not essential, therefore, their 
use is extending very rapidly. 

“ Waxed paper alone may be used as a 
wrapping material for a great variety of pro- 
ducts, such as bread, confectionery, beef-extract 
cubes, soap tablets, and safety-razor blades. 
Again, many proprietary materials are packed 
in un waxed or lightly waxed cartons or boxes, 
which are then wrapped and sealed m waxed 
paper. This method is customary in the case 
of dry, granular products, such as breakfast 
cereals, macaroni, salt, etc. It is also commonly 
used for biscuits. Lastly, liquid or semi-liquid 
products are conveniently handled in heavily 
waxed-sealed cartons without any additional 
wrappmg. The last method is familiar in the 
case of milk, honey, syrup, sandwich pastes, and 
so on. 

“ Paper- waxing machinery varies greatly in 
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design and method of operation, but two basic 
types may be distinguished, accordmg to whether 
the wax is applied to the paper by waxed rollers 
or by total imineision of the papei m molten wax. 
After waxing, the paper is chilled by cold-water 
immersion or by passing over chilled rollers. 

“ In general, rapid chilling produces opaque 
coatings with high gloss. Impregnation pro- 
duces tianslucont papers without pronounced 
gloss The finished paper may contain up to 
about 40% of its total weight in wax. 

“ Cartons for liquids are made up into their 
finished shape before waxing. The waxing may 
be done by total immersion m molten wax, or 
by simultaneous spraying outside and inside, or, 
if desired, on the inside only, as the cartons pass 
the wax jets on a conveyor After waxing, the 
cartons are chilled in a rcfiigerating compart- 
ment, or by dipping m cold water, followed by 
draining and drying 

“As a general rule, only refined grades of 
paraffin wax, with very low oil contents, are 
satisfactory for papci waxing The presence of 
oil, or inadequate refining, leads to deficiencies 
such as low sealing strength, flaking, poor gloss, 
colour- and odour-instability, and “ blocking ” 
(^ e , tendency of the waxed surfaces to adhere 
and How together when the paper is stacked or 
lolled).” 

Recent years have seen the employment of 
increasing quantities of the petrolatum -wax 
group and petroleum -ceresin group for coating 
and impregnation purposes The Petrolatum 
Waxes are particularly favoured on account of 
their flexibility, impei v lousness to moisture, and 
stickiness. Fuither, Ameiican practice appears 
to bo favouring the pi inciple of specially blend- 
ing waxes fot this utilisation Indications to the 
extent to which this may be practised aic given 
in Bennett 

(in) Polishes . — Petroleum w^axes are widely 
employed m the manufactuie of polishes. 

Paraffin w ax is used m admixture with spc( lal 
w^axes, such as Carnauba, Candelilla, Ozokerite, 
and a variety of synthetic waxes (c g , the 1 G 
series of synthetic w^axes and others) It appears 
to have a twofold purpose, first, to cheapen 
the total cost of the wax employed, and secondly, 
to act as a “ plasticiser ” on such waxes. It also 
plays its part in ensuring that the solvent 
evapoiatcs at the right late from the surface to 
be polished 

The quality of the polish conferred by a suit- 
able wax mixture into which is incorporated a 
solvent, appears to depend mainly on the other 
waxes employed. Certain microcrystallme waxes 
(^.e., waxes of the petrolatum-wax and petro- 
leum-ceresin groups) appear to confer an 
excellent polish, although here again the em- 
ployment of such waxes is more often to ensure 
the right retention of solvent and its correct 
rate of evaporation.^^ 

Wax polishes are of two general types. The 
first IS made with organic solvents, usually white 
spirit to which turpentine may be added The 
desired colour is attained by the use of an 
appropriate dye. The waxes are melted together 
in a mixer and the solvent incorporated The 
mixture is filled mto the containers when the 
desired consistency is reached. 


The second type is made by emulsifying the 
mixture of waxes, solvent and stabiliser, with 
water. Many formulae are available {vide 
Bennett 2^). 

(iv) Matches . — Matches are impregnated with 
paraffin wax to assist their kindling and burn- 
ing. Low setting-point grades are employed, 
usually 106-108°f., 110“I12°f., and 112-115°f. 
For this purpose the paraffin wax may contain 
appreciable quantities of oil (up to about 3%) 

(v) Electrical Uses . — This utilisation takes 
advantage of the very high resistance of 
petroleum waxes, and its use is as a dielectric 
or as an insulating material. It may be used 
pure or in admixtuie It is not sufficiently 
icahsed that petroleum waxes undergo oxidation 
at impregnation temperatures, if these tempera- 
tures are too high or the wax is held too long 
at the temperature in the presen (’e of air. For 
example, Jackson found that the power factor 
of fresh paraffin wax at high frequencies was at 
no point in excess of 0 5x 10“^ at temperatures 
from 0 to 80'^c., but, after heating m an for 230 
hours at 100°c. it had risen to about 4 7 x 10“^. 

Usually it 18 desirable that a petroleum wax 
employed for electrical purposes should have a 
very fine crystalline stiucture. For this reason 
paraffin wax may bo preferred blended with 
petroleum ceresin or petrolatum waxes 

Paraffin may also be used as a plasticiser for 
polythenes 

Specific uses are for condensers and cables 

(vi) Various other Applications — Other uses 
may be briefly listed as follows : 

Manufacture of Textiles Paraffin wax is used 
to lubricate threads before spinning, for water- 
proofing, and for calendering after laundering 
(wax emulsions). 

Leather Trade : White Scale or slack a\ is 
usually employed for a variety of purposes, of 
which dressing is the most important 

Preservation of Food • Paraffin wax and 
petrolatum waxes are used for coating fruit, 
vegetables, eggs, cheeses, hams, and other 
perishable goods. 

The Alts ; Paraffin wax is used for mounting 
and strengthening museum and art objects and 
in the manufacture of crayons, etc., and for 
modelhng compositions. 
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S. T. M. 

PETUNIDIN is the anthocyanidm which is 
obtained by the acid hydrolysis of petunin 
(q.v ). The crude product contains an impurity 
which renders crystallisation difficult, and which 
IS more easily soluble in alcohol and less easily 
soluble in aqueous mineral acids than petumdm 
itself. Purification by adding concentrated 
hydrochloric acid to a solution in the dilute acid, 
dissolution of the precipitate m methyl alcoholic 
hydrogen chloride and slow evaporation of the 
solution gives petumdm chloride in a well- 
crystallised condition. 

Petumdm chloride forms a number of hydrates 
which differ m solubility and crystalline form. 
In appearance these are dark brown or grey- 
brown in colour. Petumdm chloride, which 
has been crystallised from aqueous-methyl 
alcoholic hydrochloric acid by evaporating the 
alcohol, is easily soluble m 0 5-1%, and con- 
siderably soluble in 3% hydrochloric acid. If 
however the preparation is washed with ethyl 
alcohol, a change m the character of the hydrate 
occurs. The new' form is stable m air, but it is 
not only insoluble m 3%, but is almost insoluble 
in cold 0 6% hydrochloric acid. It is easily 
soluble m the more dilute acid on warming, and 
no separation of crystals occurs on cooling. 
Crystallised from aqueous hydrochloric acid, 
petunidm chloride forms the dihydrate, 

CicHi307CI,2H20, 

which becomes anhydrous m the desiccator. 
Washing with alcohol appears to cause the re- 
placement of 2HaO by 0-5 CaHgOH. Dehydra- 
tion of petumdin chloride by heatmg to 100° m 


vacuum is accompanied by loss of hydrogen 
chlondo. 

Petumdm chlonde is very easily soluble in 
alcohol; the solution gives an intense blue 
reaction with feme chloride Aqueous solutions 
of the chloride arc destroyed by feme chloride. 
Sodium acetate added to a solution m amyl 
alcohol gives a violet-blue colour. The chloride 
IS not extracted from aqueous acid solutions by 
shaking with a mixture of cyc/ohcxanol (1 vol.) 
and toluene (5 vols ), and it has a lower distri- 
bution than cyamdm in a 5% solution of picric 
acid m a mixture of amyl ethyl ether (1 vol ) and 
anisole (4 vols.). Petumdm is best characterised 
by its behaviour on extraction from an aqueous 
acid solution by the latter reagent (G. M. and 
R. Robmson, Biochem. J. 1931, 25, 1693). This 
test has served to establish the circumstance that 
petumdm is a homogeneous anthocyanidm, the 
criteria picviously available having been m- 
sufficient to differentiate petunidm from a mix- 
ture of delphimdm and malvidm. 

Petumdm is hydrolysed by hot, concentrated 
potassium hydroxide to phloroglucinol and a 
methyl ether of gallic acid. Demethylation with 
hydnodic acid in the picsence of phenol leads to 
the conclusion that potiimdm is a monomethyl 
ether of delphimdm (Willstatter and Burdick, 
Annalen, 1916, 412, 217), and G. M. and R. 
Robinson (l.c.) have shown that petumdm 
chloride is, in fact, identical with the 3'-0- 
methyldelphinidin chloride (I), which had been 
synthesised previously (Bradley, Robmson, and 
8chwarzenbach, J.C.JS. 1930, 793). 


Cl OMe 
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It 18 very probable that petunidm occurs 
naturally in the form of other glucosides than 
petumn. The S-monoglucoside appears to bo 
present m the colouring matter of the bilberry, 
the purplish berries of Berheris darwimi and 
those of B. stenophylla. B. aqmfolinm contains 
monoglycosides of delphinidin and malvidm 
accompanied possibly by those of petunidm ; 
a glycoside of petumdm is present also m a 
variety of Phlox drummondi. The flowers of 
certain wine-rod varieties of sweet peas owe 
their colour to a petunidin-3.6-dimonoside. A 
pentosegly coside occurs m Lilium lancifolium 
riibrum, and diglycosides m Tradescantia vir- 
ginicay lihododeridron splendensy E. purple 
splendour. Lithospermum prostratum contains a 
petunidm digly coside in an almost pure form. 
The anthocyanms of Lavateria trimestris rosea 
splendeus also are based on petumdin (G. M. and 
R. Robinson, Biochem. J. 1931, 25, 1693 ; 1932, 
26, 1647). 

W. B. 

PETUNIN is the name assigned by Will- 
statter and Burdick (Annalen, 1916, 412, 217), 
to a well-crystallised, homogeneous anthocyanm 
isolated by them from the petals of the petuma, 



“ Karlsruhe Rathaus ” The velvety violet-blue 
petals were extracted with glacial acetic acid, 
and the dissolved anthocyanm was precipitated 
by adding ether to the bluish-red solution It 
was an advantage to work up the extracts as 
quickly as possible, otherwise considerable loss 
of anthocyanm occurred. The precipitate 
crystallised readily from 0 5 to 1% hydrochloric 
acid, and further crystallisation from warm 1 5% 
acid gave petunin chloride in the form of the 
dihydratey C28H330i7CI,2H20 The salt, which 
IS obtained in the form of long, rectangular 
tables, having a coppery lustre, and appearing 
violet by transmitted light, smters at 165°, and 
then melts at about 178°. The water of crystal- 
lisation and about one half of the chlorine are 
lost when the dihydrate is dried in a desiccator 
Petunin is sparingly soluble in cold, dilute 
hydrochloric acid. At 20°, 100 c.c. of acid of the 
concentrations indicated dissolve the weights 
of the chloride stated in brackets : 0*25% 

(0-67 g.) ; 0 5% (0 45 g.) ; 3% (0 14 g ). At the 
same temperature, 100 c c. of 7% sulphuric acid 
dissolve 0 075 g of the chloride 
In contact with water the chloride is easily 
hydrolysed with the formation of violet flocks 
of a compound which is probably a basic salt 
In sufficient water a clear red-violet solution is 
obtained , acid solutions are redder' in colour 
The pseudo-base is formed slowly m cold dilute 
solutions, and more rapidly on heating. Solu- 
tions of petunin in dilute mineral acids are 
bluish-red, somewhat redder than acid solutions 
of delphmm, but markedly bluer than those of 
malvin. The same relationship between the 
colours of the three anthocyanms holds also for 
solutions in methyl-alcoholic hydrogen chloride. 
Petunin is easily soluble in ethyl alcohol, and 
very easily in methyl alcohol. It is completely 
extracted from solutions in amyl alcohol by 
shaking with dilute aqueous mineral acids , this 
IS the normal behaviour of a diglucoside. 

Ferric chloride imparts a violet colour to solu- 
tions of petunin in methyl alcohol ; the efiect is 
loss marked in either water or ethyl alcohol 
Sodium carbonate added to an acid solution 
changes the colour to violet, and this subse- 
quently becomes blue. Neutral solutions give a 
greenish- blue with the alkali because of their 
content of pseudo-base, which in the pure con- 
dition dissolves in sodium carbonate solutions 
with a yellow colour. 

Petunm does not form a sparingly soluble 
picrate ; on hydrolysis by short boiling with 20% 
hydrochloric acid, it yields petunidin (q v ) 
(1 mol.) and glucose (2 mol.). 

Bell and Robinson (J.C.S. 1934, 1604) have 
synthesised a number of petunidin glucosides 
and, while no direct comparison of synthetic 
and natural pigments was possible, it appeared 
probable that petunin would prove to be identi- 
cal with petumdin-3;5-diglucoside (I). 
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Other saccharides of petunidin are referred to 
m the article Petunidin. 

W. B. 

P ETZ I T E . A silver-gold telluride, approxi- 
mately AggAuTCg, averaging about Ag 42, 
Au 25, Te 33%. It occurs massive, granular 
to compact, and has not been observed m good 
crystal form. The mmeral is shghtly sec tile to 
brittle, and has a subconchoidal fracture ; 
p 8 7-9 0, hardness 2i-3. Colour, steel or iron- 
grey to iron- black, often tarnishing ; lustre 
metallic. It is a minor ore- mineral of gold, 
notably in Western Australia at Kalgoorlie, and 
in the Ontario districts of Porcupine and Kirk- 
land Lake. 

1) W. 

pH. 

pH VALUES. THEIR SIGNIFICANCE. 

The symbol pH was introduced by S6rensen 
to denote, as he then thought, — logiQ[H'] m 
which [H*] represents the concentration of hydro- 
gen ions , it was assumed that ion concentra- 
tions could bo determined with the aid of the 
conductance ratio, a=AclAQ, as required by the 
classical ionisation theory of Arrhenius. The 
introduction of the activity theory of electrolytes 
by G. N. Lewis, and particularly the theoretical 
support afforded by the theory of Debye and 
Huckel (1923) have made it exceedingly doubt- 
ful whether concentrations of ions can be so 
computed. Instead, mean tonic activities may 
be calculated from electromotive-force measure- 
ments, and the symbol, pH, accordingly receives 
a new significance, viz., pH— -logi^an » 

activity of the hydrogen lorif cannot be 
determmed, an assumed to bo equal to a^, 
i e , the mean ionic activity of the hydrogen 
ion and of the anion with which it is as- 
sociated. Thus, if wo consider the ionisation 
of hydrochloric acid as being complete, then 
HCl ^ H’-fCI', a^={ay^ xacr)^ from which it 
will bo seen that a^. depends not only on but 
on acy. If another acid, HX, were taken then 
ajL=(aH fbat a^ would depend on a^'. 

On the basis of this theory it is not possible 
therefore to restrict pH to the activity of 
hydrogen ions alone and this constitutes a very 
serious defect. 

Another difficulty lies in the fact that pH 
values are always calculated from the e m.f ’s 
of cells with transport, between the two electrodes 
of which a saturated solution of potassium 
chloride is interposed with the object of ehmi- 
nating the junction or diffusion potential which 
would be set up whore the tivo electrode solutions 
would otherwise meet, c g., 

H 2 I HCl I Satd. KCI | N-KCbHggClg 1 Hg. 

It is to such cells that the activity theory has 
not been satisfactorily applied, despite the 
efforts of Macinnes and co-workers (J. Amor. 
Chem. Soc. 1935, 57, 1356; 1936, 58, 1970; 
1937, 59, 503, Chem. Reviews, 1936, 18, 335) 
and Guggenheim and Schindler (J. Physical 
Chem. 1934, 38, 536). It is, however, from the 
e.m.f.’s of cells without transport, e.g , 

H, I HCI{c,).AgCI 1 Ag I AgCI.HCI(Cj) | Hj, 
that mean ionic activities are computed, and 
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from which therefore pH= — logjo ^±(hx) should 
strictly speaking only be calculated. 

A further confusion arises from the use in 
cells with transport of standard electrodes, e.g , 
the saturated, normal, and decmormal calomel 
electrodes, which have been standardised on the 
basis of the activity theory by means of cells 
without transport. The potentials of standard 
electrodes are referred to either one or other of 
two shghtly different electrodes, the potentials 
of which are arbitrarily equated to zero. The 
first IS the hydrogen electrode, supphed with 
hydrogen at a pressure of one atmosphere, m 
equihbrium with hydrogen ions at a supposed 
concentration of I g -ion per litre, i.c., 

Pt-H, I H-. [H-]=l, 

potential whilst the second is the hydrogen 
electrode with hydrogen at atmospheric pres- 
sure m equihbrium with hydrochloric acid, the 
mean ionic activity of which is unity, i,e,, 
Pt-H2 I H Cl, a j^ = l, potential The poten- 
tial of a hydrogen electrode in terms of ion- 
concentrations IS given by 

Ec^ee^2 03HRTIF) log^o [H*] 

so that when [H‘] = l, Ec=€e—0 (arbitrarily) (the 
normal electrode potential of hydrogen) and it 
18 this electrode which, for the purpose of 
standardising other electrodes, is arbitrarily 
equated to zero, whereas the potential of the 
hydrogen electrode m terms of ionic activities is 

303(RT/JF’) log^o cf±HCl> 

whence by choosmg a solution of HCI in which 
(til© standard electrode poten- 
tial) and therefore the potential of the second 
standard, Ea^ea^O (arbitrarily). To standardise 
an electrode, e,g., the decmormal calomel, agamst 
the arbitrary hydrogen standard, Ec—cc—O, the 
e.m.f. of the ceU ; 

Hg|Hg2Cl2,0-lN-KCI| Satd KCI|HCI(c)|H2-Pt 
must be measured, whence 

E.m.f. iN.Cal.--ff H2 

=-ffo.iN Cal -2-303(ftI’/F) logi„ [H'] 
where [H-] *=ac={AclAQ)Xc, 

The potentials thus obtamed are : 

Decinormal calomel : 0 3380 v. at 18°c., 0-3371 
V. at 26°c. 

Normal calomel : 0-2863 v. at 18°c., 0 2846 v 
at 26'^c. 

The potentials of standard electrodes as ex- 
pressed m terms of the activity theory cannot 
be found by direct measurement, but are, in- 
stead, ascertained by graphical extrapolation of 
thee.m.f.ofthecell Ag | AgCI,HCI(c) | Hg-Pt 
in which varymg concentrations of hydrochloric 
acid are employed with respect to the e.m f. of 
the cell without transport : 

Pt-Hj 1 HCl(ai=l),AgCI I Ag | AgCI, 

HCI(c) I H2-Pt, 

the extrapolation bemg rendered possible by 
assuming that when c=0 the mean ionic activity 
coefficient becomes unity ; in other words that at 


infinite dilution not only is ionisation complete 
but the individual ions obey the perfect-gas laws. 
The extrapolated e.m.f. of the cell 

Ag I AgCI,HCI(ai = l) 1 H2-Pt 

18 0-2225 dbO 0001 v. at 25° (Prentiss and 
Scatchard, Chem. Reviews, 1933, 13, 139) and 
as the potential of Pt-Hg | HCI(a^==l) is 
arbitrarily assumed to be zero, it follows that 
the potential of the electrode 

Ag I AgCI,HCl(ai=l), 

is -f 0-2225 V. From this value, the potential 
of the standard electrode, 

Ag I AgCI,0 lN-KCI 

IS calculated, viz., +0-2882 v. at 26°c. 

Randall and Young (J. Amer. Chem. Soc. 
1928, 60, 989) found that at 25° the e.m.f. of the 

cell Hg I Hg2Cl2,HCI(c),AgCI | Ag remains 
at 0 0646 V. irrespective of the concentration, c, 
and they therefore concluded that both elec- 
trodes were m equilibrium with hydrochloric 
acid of which a^=l. Takmg 0-2225 v. as the 
potential of the right-hand electrode, it follows 
that the potential of the left-hand electrode, 
Hg I Hg2Cl2,HCI(a^ = l) must be +0-2681 v. 
Knowmg the mean ionic activity coefficients of 
KCI in 0 In. and n. solutions and the foregoing 
potential, it can be shown by calculation that at 
26° the potential of the decmormal calomel 
electrode is +0 3338 v. and that of the normal 
calomel electrode is +0 2801 v. When these 
potentials are compared with those found 
directly by using cells with transport it is found 
that the potential of the decmormal electrode is 
0-0033 V. lower and the normal electrode 
0-0045 V. lower. 

Guggenheim and Schindler have attempted to 
apply the activity theory to cells with transport, 
but, mstead of assuming that the junction 
potential between the two electrode solutions is 
completely elimmated by the mterposition of a 
saturated solution of potassium chloride, they 
prefer to employ the Bjerrum method of usmg 
successively 3-5N-KCI and 1-76N-KCI as junc- 
tion liquids in any given cell and regarding the 
junction error introduced by the 3-5N-KCI to he 
equal to the difference between the e.m.f.^s of the 
two cells having the different junction liquids. 
They measured at 25° the e.m.f. *s of cells of the 
type: 

Hg I Hg2Cl2,0 In-KCI I 3 5N-KCI | HAc(c), 

NaAc(c) I H2-Pt 

and by assuming (i) the correctness of Hamed 
and Ehlers’ value of the dissociation constant of 
acetic acid, viz., 1*75x10“® at 25° {ibid, 1932, 
54 , 1360 ; 1933, 65 , 662), which was determmed 
by means of ceUs without transport, and (ii) oer- 
tam probable activity co-efficients, they deduced 
a value of +0-3337 v. as being that of the 
decinormal calomel electrode, when incorporated 
m a cell with transport. Whilst such a value is in 
good accord with +0 3338 v., based purely on 
the activity theory, it does cause serious differ- 
ences in the precise values of pH normally cal- 
culated from the e.m.f. of hydrogen-decinormal 
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calomel cells. Thus the adoption of Guggen- 
heim and Schindler’s value of 0 3337 leads to pH 
values that are 0 065 pH unit higher than those 
found by using Sorenson’s value of 0*3376 V. as 
the potential of the decinormal calomel electrode. 

This confusion is intensified by the fact that 
originally the electrometric methods of deter- 
mining pH values (v. Hydrogen Ion Deter- 
mination, Vol. VI, 3356) were based on 
potentials ascribed to the standard electrodes 
on the basis of the Arrhenius theory, whereas 
more recently there has been a tendency on the 
part of workers to be inconsistent and to assign 
values to the standard electrodes indiscrimi- 
nately, for they have not troubled to ascertain 
how these values have been derived. Further- 
more, it should be remembered that the calibra- 
tion of most of the buffer solutions used in colon- 
metric methods of determining pH values was 
carried out by means of the hydrogen electrode 
m conjunction with standard electrodes, 
generally cither the decimormal or normal 
calomel, to which potentials were assigned on 
the basis of the classical theory of Arrhenius 
It would be better if in all determinations of pH 
values in which cells with transport are employed 
workers would, until the mechanism and e.m.f.’s 
of such cells are more fully understood, use 
potentials of the standard electrodes that have 
been deduced from the classical theory. 

Significance of pH. — The effect of the 
modern theory of electrolytes has been to 
obscure somewhat the meaning of pH, for 
although the Arrhenius theory provides a clearer 
picture of ions in terms of concentrations, the 
activity theory gives a more accurate idea of 
what might be regarded as the “ effective ” con- 
centrations of ions. But, despite the inade- 
quacies of the Arrhenius theory, pH may stdl 
be regarded as being approximately the nega- 
tive power of the hydrogen ion concentra- 
tion when raised to the base of 10 Moreover, 
whatever may be their precise significance, pH 
values do give an excellent method of represent- 
ing varying degrees of acidity and alkalinity, and 
it is in this respect that their measurement and 
control have been so valuable m chemical and 
technical processes. 


pH Scale. — In any aqueous solution the 
ionisation of water occurs, thus, 

HaO ^ H +OH', 

• 

and the equilibrium thereby established is 
repressed towards the loft by the introduction 
into the solution of either hydrogen ions or 
hydroxyl ions. At a constant temperature the 
product, [H‘][OH'J=iLtt,, the so-called ionic 
product of water. In absolutely pure water 
[H*]=[OH'], whence s^ttrue neutrality 
and therefore [H*] — or in terms of pH, 

~ logic logjQ K^) 

i.e,, where pKw is the negative ex- 

ponent of Kfi) to the base 10. Table 1 gives the 
values of pKio and the pH of true neutrality at 
various temperatures. 


Table I 

Tempt rature, ®o 

pA^, 

pl£ at neutiality 

0 

14*94 

7 47 

16 

14*20 

7 10 

18 

14 13 

7 06 

20 

14 07 

7 03 

22 

14 00 

7 00 

25 

13*90 

6 95 

30 

13*73 

6*86 

37 

13*51 

6 75 

40 

13 42 

6 71 

100 

12*24 

6 12 


It will bo noticed that an increase in tempera- 
ture brings about a gradual increase in Kw with 
the result that the pH value corresponding with 
true neutrality progressively diminishes from 
7 47 at 0° to 6*12 at 100°, the pH at ordinary 
temperature being approximately 7 00 
In Table II it will be seen that decreasing 
degrees of acidity are represented by pH values 
rangmg from 0 to 7, whereas the pH range from 
7 to 14 represents increasing alkalinity The 


Table II. — The pH Scale. 


[ H ]. 

pH 

[ OH '] 

pOH 


1 

= 10" 

0 

10-'“ 

14 

Logaritlimic decrease 

0 1 

-10-1 

1 

10-13 

13 


0 01 

-^10-2 

2 

10-12 

12 

in 

0*001 

=10-" 

3 

10-11 

11 


0 000,1 

= 10-« 

4 

10-10 

10 

Acidity 

0 000,01 

= 10-" 

5 

10-* 

9 

t 

0 000,001 

= 10-“ 

6 

10-“ 

8 

1 

0 000,000,1 

= 10-’ * 

7 

10-’ 

7 

-< Neutrality 

0*000,000,01 

=io-« 

8 

10- * 


1 

0 000,000,001 

= 10-» 

9 

10-1 

' 5 

i 

0*000,000,000,1 

=10-'" 

10 

10-« 

4 

Logarithmic increase 

0*000,000,000,01 

=10-11 

11 

10-2 

3 


0 000,000,000,001 

= 10-12 

12 

10-2 

2 

in 

0*000,000,000,000,1 

= 10-1" 

13 

, 10-1 

1 


0 000,000,000,000,01 

= 10-1“ 

14 

1 

0 

Alkalinity, 
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transition from acidity at pH 7 to alkalinity will 
be understood from the fact that 

or m terms of negative indices, 

pH-fpOH==pZM,^14. 

Substituting 8 for pH m the foregoing equation, 
we find that pOH is 6, i e [OH'] = 10-® whereas 
the |H*] = 10-®. Hence pH 8 corresponds with 
alkalinity for it indicates a greater concentra- 
tion of OH' ions than of H* ions. Although 
one 18 apt to regard the pH scale as» being divided 
into equal unit divisions, it should be remem- 
bered that the pH scale is actually logarithmic 
and that each successive pH unit represents a 
diminution m hydrogen-ion concentration such 
that the concentration of hydrogen ions is equal 
to one-tenth of that indicated by the im- 


mediately lower pH value. Table III gives the 
pH values at 18° of various solutions. 


Table 111. 


Electiolvte 

pH 

n-HCI . 

0 10 

OIn-HCI . . . 

1 07 

0 IN-H 2 SO 4 . . 

1 23 

0 OIn-HCI 

2 02 

OOOIn-HCI . . 

8 01 

OIN-CH 3 COOH 

2 87 

OIN-NH 4 OH . 

11 27 

OOOlN-NaOH .... 

11 13 

OOlN-NaOH .... 

12 12 

OlN-NaOH . . 

13 07 

N-NaOH . . 

14 05 



0 25 50 75 100 

Percentage Neutralisation with NaOH 

Fig. 1. 


Variation in pH during the Neutralisa- 
tion of Acids and Bases. — 1. Strong Acid 
Neutralised with a Strong Base, eg, HCI with 
NaOH. — As HCI is neutralised with NaOH, 

HCI-fNaOH - NaCI+HgO, 

the un-neutrahsed HCI is largely ionised, 
HCI ^ H -fCr, and so is the NaCI that is 
formed, NaCI Na Cl', thereby producing 
Cr ions which are common to both these dis- 
sociations. It might be expected that the in- 
creasing cr ion concentration set up as the 
neutralisation proceeds would, accordmg to the 
Law of Mass Action, materially repress the 
ionisation of the yet un-neutralised HCI and so 
reduce the concentration of hydrogen ions to an 
extent greater than could be attributed to the 
gradual fall m concentration of the acid. This 


IS not the case, for the concentration of Cl' ions 
ongmatmg from the salt formed has but little 
effect. This failure of the Arrhenius theory, in 
its inability to provide a means of calculating 
ion concentrations which are m harmony with 
the requirements of the Mass Law, has cast 
grave doubts on its validity when applied to 
ionisation considered in terms of the Arrhenius 
theory. In cai bon-dioxide free solutions 
Fig 1 shows tne variation in pH when 100 c.c. 
of (a) N- HCI 18 titrated with N- NaOH, (6) 0 In- 
HCI IS titrated with OlN-NaOH, (c) 0-01n- 
HCI IS titrated with O OlN-NaOH. (The inset 
diagram shows the pH changes which occur 
during the neutralisation with alkali of any dis- 
solved carbon dioxide.) The pH values set up 
at 99% and 99*9% neutrahsation can be cal- 
culated approximately from the concentrations 
of the HCI then un-neutralised, the degree of 
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ionisation being negligible. Such values are 
given in Table IV. 


Table IV. 


Concen- 
trations 
of re- 
actants 

N 

OlN 

OOlN 

rercent- 
tage HCI 
neutral- 1 
lised 

'^HCI 

pH 

<^HCI 

pH 

^HCI 

pH 

99 0 

f) 02 

2 30 

5 02 

3 30 

5 02 

4 30 


^ 10-3 


X 10-4 


X 10-5 


99 9 

5 00 

3 30 

5 00 

4 30 

5 00 

5 30 


xl0-» 


X 10-5 


X 10-6 



When carbon dioxide is present in the solu- 
tions, as it invaiiably is, the inset neutralisation 
curve of HgCOg shows that its ncutialisation 
begins at pH 4 4, whilst Table IV reveals that 
in N solution HCI is 99 9% neutralised at pH 3 3 
and in 0 In. solution at pH 4 3, and that in 
0 01 N. solution it is 99% neutralised at pH 4 3 
It happens that IVIethyl Orange changes from red 
to yellow within the pH range 3- 1-4-4, although 
when undergoing rapid change in colour such as 
occurs in the course of a neutralisation of a 
strong acid with a strong base this indicator 
appears to most eyes to undergo the most per- 
ceptible change at pH 4 3, when it has acquired 
an orange colour (pH 4 3 is therefore desciibed 
as the pT oi “ titration exponent ” of Methyl 
Orange) It will thus be seen that by using 
Methyl Orange it is possible to titrate HCI m n. 
and 0 In solutions with a respective accuracy 
of 0 01 % and 0 1% and in 0 OIn. solution to 
within 1%, though in the last case, as Fig. 1 
shows, the colour change of the indicator w-ill 
extend over the last 15% of the neutralisation. 

To titrate to a definite pH value, such as is 
necessary in the foregoing neutralisations, use 
may be made of the so-called “ screened,” 
“ masked,” or “ achromatic ” indicators These 
consist of the ordinary indicator solutions which 
contain other coloured substances (dyes or other 
indicators) in such concentiations that the 
colours and intensities they impart serve as 
complementary colours to those produced by the 
indicators themselves at any desiicd pH values 
Table V gives examples of indicators wdiich yield 
“ masked ” colours — theoretically, they should 
be colouilcss, but m actual practice are either 
grey or yellow — on the attainment of pH 4-3. 

Table V. 


Indicatoi mixture 

Colour change 

Below 
pH 4 3 

At 

pH 4 3 

Above 
I)H 4 3 

0 02 Methyl Orangt' 
-1-0 1% Broinocrcbol 
Green 

Orange 

Yellow 

Green. 

0 1 Methyl Orange 

-f-0 1% Aniline Blue 

Violet. 

Grey 

Green 

0 2‘‘o Ethyl Orange 
-i-0 l^Jo Methyl Green 

Blue 

Grey 

Green 

0 5% Alizarin Ked 
-1-0 003 Vo Methylene 
Blue 

Green 

Grey 

Wine 


In the reverse titration, viz., that of a strong 
base with a strong acid, the neutralisation will 
take place at high pH values. If carbon dioxide 
were absent the end-pomt would be mdicated 
by a well-defined inflexion, the location of which 
could bo detected by the disappearance of the 
rod colour of the phenolphthalem at pH 8 3, but 
as any carbon dioxide m the alkali will be present 
as sodium carbonate the HCI will react with it 
between pH 12-2 and 8-2, thus 

NaaCOg+HCI -> NaHCOg-j- NaCI, 

with the consequence that the HCI titro to 
phenolphthalem will include both the free alkali 
and the sodium carbonate. The use of Methyl 
Orange will involve the still further replacement 
reaction 

NaHCOa-hHCI NaCI+HgCOg 

for it takes place between pH 8 4 and 4 4. 

2. Weak Acid Neutralised with a Strong Base, 
— For practical purposes, the Law of Mass 
Action, when the ion concentrations are inter- 
preted in toims of the Arrhenius theory by 
means of a^AdA^^ applies to the ionisation ot 
weak acids (a) at different dilutions V (in the 
form of the so-called Ostwald Dilution Law, 
A’’=a‘^/{(1— a) F}, and (b) in the presence of 
salts having a common ion In actual fact, 
precise measurements of conductivity and e.m f. 
show that the dissociation constant, A, 
diminishes slightly as the concentration is 
reduced This may be seen from Table VL 
which is based on the conductometric data for 
acetic acid of Maclnnes and Shedlovsky (J. 
Amer. Chem Soc 1932, 64, 1429) and on the 
hydrogen electrode data of A. A. Moss (Ph D. 
Thesis, London, 193G) for mandelic acid. 


Table VI. 


Acetic acid (25°C ). 

(’onen 

if 

p/f 

0 05230 

1 811x10-5 

4 74 

0 005912 

1 798 X 10-5 

4 745 

0 00102S 

1 781 X 10 5 

4 75 

0 000153 

1 767 X 10-5 

4 75 

0 0000280 

1 760 X 10-5 

4 75 


Mandelic acid (18"C ) 


Conen 

K 

Pif 

0 09925 

4 65 X 10"'4 

3 33 

0 009925 

4 17 X 10-4 

3 38 

0 0009925 

3 79 X 10-4 

3 42 


A similar diminution in the dissociation con- 
stants of dibasic and tribasie acids with dilution 
has been observed, as may be seen from R. Gane 
and C. K Ingold’s data for malonic acid obtained 
with the hydrogen electrode at 25° (Table VII) 
(J.C.S. 1931, 2153). 
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Table VII.—Apparent Dissociation 
Constants of Malonio Acid at 26®. 


Conen 

0 06 M. 

0 02 M 

OOlM 

0 004M 

0 00126 M 

vKax- 

1 77 
xl0“3 

2 76 

1 68 
xl0’'3 
2-80 

1 

1 64 
xlO-3 
2*81 

151 

xlO-3 

2*82 

1 49 

XlO-3 

2 82 

^az ■ 
VKaz 

4 12 
X10“« 

6 39 

2 65 
XlO-® 
6 59 

2 40 
xlO”® 

6 62 

211 

Xl0-<5 

6-68 

212 

XlO'6 

5 67 


When the dissociation constants are expressed 
in the form of (i.e., — logi^Ka), it will be 
observed that the deviations almost disappear ; 
in fact, the pA^ values are so nearly constant 
t hat the deviations will not materially affect the 
following considerations 
Throughout the neutralisation of a weak acid, 
HA, with a strong base, e.g., NaOH ; 

HA+NaOH NaA+H^O, 

the hydrogen-ion concentration will depend on 
the extent to which the ionisation of the un- 
neutrahsed acid, HA ^ H*+A', is repressed 
by the common anions, A\ originating from the 
salt, NaA, that is progiessively being formed. 

Hence A„= 


therefore 


or pH=pA'a+ logi 

As [H-]=| 

therefore I H AT = ( 


ruo 1 J(‘X acid'^t^ Jcx salt) 

“ logio [H ] = - logio 

t lex acid'^’f^ Jex salt} 

or pH-pA«-f logio 

As [H-]^[A'],^acId. 

therefore L*^^l“^un-ncutialiscd“l^^ 1 

and assuming that the salt, NaA, formed js 
completely ionised, it follows that 

lex salt'^^NaA^^HA neutralised 

whence 

I A neutralised} 

pH=pAa+ logio ZFmTI 

^HA un-neutraliscd i 

In the case of weak acids having ii =10~® or less, 
[H]* is neghgibly small when compared with 

either ^ha neutralised ^HA un-neutralised' 
that the equation may then be simplified to 

ft 

^TT I 1 ^ HA neutralised 

pH*=pAa+ logio r 

^HA un-neutralised 

and if X bo the percentage neutralisation, then 
pH^p/f-f logio {a:/(100-a;)} 

Somewhat higher pH values than those cal- 
culated from this equation are set up, dependmg 
on the concentration of acid used in the early 
stages of the neutralisation of weak acids of 
which K is 10“®-10~°, owing to the fact that 
then the concentration of salt NaA, has not 
become sufficiently large to repress the ionisation 
of HA to negligible dimensions. The un- 
simplified expression must then be used. In the 
case of very weak acids, Aa —about 10”^® and 


less, the pH values prevailing during the final 
portions of the titrations are lower than recjuirod 
by the equation. This is caused by the occur- 
rence of some hydrolysis of the salt, NaA, 
formed, or more accurately by the equilibrium 
N aO H -j- H A ^ N a A-f H gO, or lonically . 

HA+OH';f^ A'+HgO. 

Hence [HA]=[OH'], and consequently 
pH= 

, , ^HA nppirontlv neutralised”^® ^ 1 

pA«-t logio p XlhHM 

H A appii ontly un-ncutraliscd ' I ^ J 

The equation: pH^p/iiff-l- log^Q {a;/(100--a*)} 
gives what might be regarded as the fundamental 
relationship between pH and x throughout the 
neutralisation of a weak acid, from which the pH 
values in Table VIII have been calculated. 

Table VIII. 


\ 

i>»r 

V 

0 1 

pA„-3 00 

99 9 

1 0 

pA'«-2 00 

99 0 

r> 0 

pA',,-1 28 

95 0 

10 0 

pA’rt— 0 95 

90 0 

20-0 

p7s:„-0 60 

80-0 

30 0 

pA'fl-0 37 

70 0 

40 0 

pA',,-0 17 

00 0 

50 0 

VKa 

60 0 

00 0 

pA„+0 17 

40 0 

70 0 

pA„+0 37 

30 0 

80 0 

pA'a+0 60 

20 0 

90 0 

pA„+0 95 

10 0 

95 0 

pA’'„f 1-28 

5 0 

99 0 

pA(j-|-2 00 

1 0 

99 9 

pA'a+3 00 

0 1 


The pH value at 60% neutralisation is seen to 
bo equal to the pKa value. For acetic acid 
Ka=lSxlO~'^ and theieforo p/C^/=4 74, t.e., 
pH—4 74 The shape of the weak acid curve is 
shown in Fig. 2 and the effect of the pyc^ of an 
acid IS merely to raise or lower neutralisation 
curve with respect to the pH scale. Table VTIT 
shows that between 10% and 90% neutralisation 
the pH changes from pA— 0 95 to pA-fO 95, 
i e , only an increase of 1 9 pH units although 
80% of the neutralisation occurs. Duiing the 
first 10% and the last 10%, however, the pH 
changes are considerable. Thus from 0-1 to 10% 
the pH changes from pA^-S 00 to pA^— 0 95, 
an increase of 2 05 pH units, and a similar in- 
crease occurs from 90 to 99 9% ; whereas from 
1 to 10% the pH changes from piCa— 3 00 to 
pA'rt— 0*95, an mcrease of 2*05 pH units, and a 
similar increase occurs from 90 to 99 9% ; 
whereas from 1 to 10% and 90 to 99% the in- 
creases are each equal to 1*05 pH unit. For 
titrimetric work it is sufficient to consider as 
the pH range within which the neutralisation of 
a weak acid takes place as beginning with the 
pH value at 1% neutralisation, viz., p/v— 2 00 
and ending at the pH value at 99% neutrali- 
sation, VIZ., p7f-f2*00. To sum up : a weak acid, 
in effect, begins to he neutralised at pH=pA/i— 2, 
is half -neutralised al pH=pA^ and is completely 
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veutralised at pH=piiCa+2 ; a total pH range of 
4 pH units. 

Conversely, a weak acid, HA, is progressively 
liberated from combination as the salt of a 
strong base, NaA, by a strong acid, e.g., HCl, 
thus ; 

NaA+HCI NaCI+HA 

between pH=p/i:^+2 and pH=pA’rt-2, and the 
change in pH is that given in Table VI, y being 
the percentage of HA replaced by the strong 
acid. 

The range from a;=10 to a:=90 is buffered 
to the action of alkah, whereas the range 
y— 10 to y— 90 is buffered with respect to the 
action of strong acids. In other words, withm 
thi'^ tange the system is such that it resists the 
action ot acids in setting up low pH values and 


the action of alkalis in setting up high pH values. 
The maximum buffer-action to either acids or 
bases is when x=y—50%. 

It might be questioned why the pH value at 
99% neutralisation is chosen as indicating the 
effective end of neutralisation, so much so that 
it IS advisable to select an indicator, the tnVoye 
of which is just above pH=piirfl-i-2. Unless an 
acid is very weak the slight hydrolysis of the salt 
formed does not affect the pH until the theo- 
retical quantity of alkali for complete neutrali- 
sation 18 added, owing to the extremely low 
concentration of weak acid that is necessary to 
repress hydrolysis. The pH value at the 
stoicheiometncal end-pomt, by puttmg a: =100 
in the fundamental equation would appear to bo 
infinity. Actually, at this point the pH is 
set up directly by the hydrolysis of NaA. 


14 
13 
12 
11 
10 
9 
8 

X 7 

CL 

6 
5 
4 
3 
2 
1 
0 

0 5 0 99 100 

Percentage Neutralisation Excess of Alkali 
with a Strong Base 
Fig. 2. 



pH Value at a;=100. — Consider the hydrolytic 
equilibrium : 

NaA+HgO ^ NaOH+HA. 

If it is assumed that NaA and NaOH are com- 
pletely ionised and that, in comparison, the 
ionisation of HA is negligible, it follows that 

A'+HgO^OH'-fHA 

for which 

a:=[oh'][ha]/[A'][h,o] 

t.c., A:x[H20]=A’x (1,000/18) 

^Kk=lOH'][HA]l[A'] 
Multiplication by [H*]/[H*] gives 

A^;*-[H-][OH']x[HA]/[H-][A'] = ifWA'«. 
Also [OH']-[HA] and Kw~ 

Kk^Ku,IKaHOH'mA']^K^J[A'][H-]^ 


and therefore 

[H*J=V{A'aA:«,/[A']} 

If c= concentration of N a A, then [A']=c—[0 H'], 
but if [OH'] IS negligibly small compared with c, 
then [H*]='v/{iCa . Kuj/c}, whence it follows that 
pH=i(pirM>4-pA^a+ logioC). 

As an example, reference may be made to the 
neutralisation of acetic acid, for which p =4*74 
and therefore the pH at 99% neutralisation is 
6-74, whereas when c=0*1n. the above equation 
gives pH=i(14-f4-74+ logjo 0-l)=8*87 and 
when c=0 OlN., the pH=8*37, from which it 
will bo seen that during the neutralisation of the 
last 1% of HA a relatively large increase in pH 
occurs, which in the case of a weaker acid would 
necessitate the use of an indicator, the colour 
change of which would take place at high pH 
values that are such as would lead to substantial 
errors m titration. 
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In these calculations, use should be made of 
the “ apparent ” dissociation constant at the 
desired concentrations. But as the constants 
generally recorded are the so-called “ thermo- 
dynamic ” constants, denoted by ka, considera- 
tion must be given to the effect that they might 
have on the pH values during neutralisation. 

As ka—cL^ and as an e.m f. deter- 

mmation with the hydrogen electrode is sup- 
posed to give a measure of , the activity 
of the hydrogen ion, it appears that the 
“ apparent ” dissociation constant, 

7ia=aH [A']/[HA] 

But as fro={aH x[A']x/a'}/{[HA]x/ha), / 
denoting the activity coefficient, it follows that 

l‘‘a^KfiX (/a'//ha) 

t.e., pA'„ pi-a+ logio (/a'//ha)- 
Combination of this equation with 

pH=p7i^«+ logio ([A']/[HA]) 

leads to 

pH-pi-„+ login ([A']/[H A]) f login (/a'//ha)' 
whence by assuming that /ha~ 
pH- pi,i+ login ([A']/[HA])+ 

Unfortunately, the activity coefficient of a single 
ion cannot be experimentally determined, but 
in extremely dilute solutions it may be computed 
with the aid of the Debye-Huckel equation • 

where «== valency of the ion, and A for water 
=0-4863 at 0°, 0-4992 at 18°, 0-5056 at 25°, and 
0-5186 at 38°o., and fi is the mean ionic strength, \ 
This concept was introduced by Lewis and 
llandall (J Amer. Chcm Soc 1921, 43, 1112) m 
order to refer the mean ionic activity of an 
electrolyte to the total electrical state of the 
solution It takes into account all the ions 
present in the solution such that 

concentration of each ion) 

X (squaie of its valency). 

(For fuller details of the calculation of fi for 
weak acids undergoing neutralisation the reader 
is referred to H. T. S. Britton, “ Hydrogen 
Ions,” 3rd ed.. Chapman and Hall, 1942, Vol. 1, 
pp 288-292 ) 

Indicators. — ^As far as the colour change of 
indicators is concerned, following Ostwald’s sug 
gestion, they generally may be regarded as weak 
acids, H In (or weak bases InOH) such that one 
colour may be considered as due to the undis- 
sociated acid (or base) and the other to the 
ionised form ; 

HIn ^ H*+ln' 

Coloui I Coloui II 

InOH ^ ln*+OH' 

Coloui I Coloui II 

Owing to the weakness of HIn, the In' ions 
are completely formed only when the acid has 
been neutralised with a strong base m the form 


of a salt, ionising thus: NaIn Na*4- In . 
During neutralisation, which will be governed by 

pH=pii:Hin+ logjo ([ln']/[Hln]), 

if the intensities of Colour I and Colour II which 
together make up the colours assumed by the 
indicator as it is progressively neutralised are 
proportional to [HIn] and [In], respectively, 
then the above expression becomes 

Intensity of Colour II 

pH=pAHin+ logic Intensity of Colour 1 

The human eye, unaided, is unable to detect 
the faint change in colour during the fitst 10% 
and the last 10% neutralisation of an indicator. 
It is between 10 and 00% neutralisation that the 
gradual ehangc in colour (the virage) can be 
readily perceived and, as Table VIII shows, the 
virage takes plac^ w-ithin the pH range . 
pH=pAHin— 0-95 (at 10%) and pH^pAnin 
H-O 95 (at 90%), which thus extends over 1 9 pH 
units This IS approximately the magnitude of 
the transition pH interval of the majoiity^ of 
indicators, excepting those of vegetable oiigni, 
e q , litmus For practical purposes, the range 
of an indicator which yields “ acid ” and 
“ alkaline ” colours to which the eye is not 
equally sensitive the pH range becomes some- 
what less than 1-9 pH units. Thus for methyl 
orange, pA"Hln=3 7, but its useful range is 
pH 3 0 to pH 4 6 owing to the eye being more 
sensitive to red than to yellow, thereby causing 
its initial pH to be 3 0 instead of pH 2-75 

The colorimetric determination of the pH 
value of a test solution may be made . 

(a) By comparing the colour, produced by 
adding a suitable volume of indicator to the 
test solution to impart to it a pale but definite 
tint, wuth the colours of a series of standard 
buffer solutions which (fitter in pH value by 0 1 
or 0-2 unit, each standard having the same con- 
centration of indicator that was used in the test 
solution. The pH values of these biifTer solu- 
tions should correspond with that of the pH 
range of the indicator When necessary, com- 
pensation should be made for any colour 
possessed by the test solution. To avoid “ salt- 
errors ” of the indicator the ionic strength of the 
test solution should be approximately equal to 
that of the standard buffer solutions. Another 
source of error is that which may be caused by 
the indicator itself in imparting to the test solu- 
tion a concentration of hydrogen ions. With 
such unbuffered solutions, a method based on the 
principle of isohydry must be adopted (see 
H T 8. Button, oj) cit , Vol I, pp 371-374) 

(b) By methoils based on a knowledge of Ah in 
and comparing the colour imparted to the test 
solution with the composite colours obtained 
when x% of the indicator is in the In' form and 
(l()0~a;)% IS in the HIn form. When the 
colour produced m the test solution is identical 
when viewed through the same depth of solution 
as that through which the composite colour is 
observed, then pH=pA"Hin+ logic W( 100— :r)} 
(H T S Britton, op, cit,, pp 339-355). 

The Neutralisation of Mixtures of 
Monobasic Acids. — If the pAT^ values of two 
acids, say HX and HY, differ by 4 or more 
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units, i.c., P^HY—P^HX^^, tho neutralisation 
of the stronger acid, HX, will effectively end at 
at pH=pA'^HX+2, whereas the neutralisation of 
the weaker acid will begin at pH=pA'HY— 2, 
which pH value will be higher than, or the same 
as, the former pH value. Consequently, the 
termination of the neutralisation of the stronger 
acid, HX, will result in a sharp rise in pH which 
may be located by titrating, (a) to the colour 
assumed by an indicator corresponding to the 
pH at the point of inflexion of the pH curve, or 
(h) to the change-point of an achromatic in- 
dicator adjusted to indicate this pH Acetic 
acid, pA=4 74, and bone acid, p A' 9 24, con- 
stitute such a mixture (see Fig. 8, for whicli the 
point of inflexion will be at pH 7 0). Fig 3 
shows the change m pH which occurs during the 
neutralisation, with 0 Ix-NaOH, of a solution 
of hydrochloric, acetic, and bone acids, each 
being 0 In. Neither the first nor the third 
inflexion is suflicicntly well-defined for the end- 


points to be accurately determined by means of 
mdicators. The addition of an excess of glycerol 
or mannitol lowers the whole of the bone acid 
section in such a way that its end-point is 
mdicated by phenolphthalein, although as the 
broken Ime shows the inflexion marking the enci 
of the neutralisation of acetic acid will thereby 
be obliterated. 

The Neutralisation of Di- and Tri-basic 
Acids with Strong Bases. — As far as the 
neutralisation of poly basic * acids is concerned 
they may be considered as mixtures in equivalent 
proportions of separate monobasic acids. They 
will undergo successive neutrahsation in the 
order of their relative strengths. The strong 
acid stage of ionisation will be neutralised first, 
to be followed by the weak acid stages in the 
order of their increasing pA^ values. The pH 
range required for the neutralisation of weak 
acid, VIZ., pA"fl— 2 to pAfl-f-2, applies, but if 
pAai, vKa 2 i pA'aj (referring to the first, second. 



IVaOH 

3 


and third stages of ionisation, respectively) do 
not differ greatly from one another, the pH 
ranges conesponding to the different acid stages 
will overlap, with the result that the inflexions 
marking the end of each stage of neutralisation 
will become ill-defined or may be entirely absent. 
This will occur, as may be seen graphically by 
placing the neutralisation curves of two weak 
aeids side by side, the dissociation constant of 
the fiist acid being 10-100 times that of the 
second acid. (Consider, e g., the constants of 
citiic acid. Table IX, and the titration curve in 
Fig 4) 

Table IX and Fig 4 serve to illustrate the 
pH curves of di- and tri- basic acids The 
magnitude of the inflexions, including the pH 
values at the equivalence points, will show 
whether they can be accurately located by means 
of mdicators. 

Reference should be made to the neutralisation 
of HgS. As its pAaj is 7*0 the neutralisation of 


the first stage HgS-f-NaOH NaHS-f-HgO 
will be complete at pH 9, for which thymolphtha- 
lein is a suitable indicator. But the pAa2 of 
HgS IS 14 9, from which it is seen that the 
neutralisation pH range is from pH 12 9 to 
pH 10 9. Such a high pH value as 16 9 cannot 
be reached even with the most concentrated 
solutions of alkali, which means that m solution, 
NaHS cannot be completely converted into 
Na2S: thus in the presence of an excess of 
0 iN-NaOH, pH 13-07, the neutralisation can 
proceed only to 2-3% of the second stage. 

The Reaction between a Strong Acid 
and (i) a Weak Base,, (li) a Salt of a 
Strong Base and a Weak Acid. — 
(i) Fig 5 shows the titration curve of 0-1 n- 
KC! with N H^OH . As the equation 

HCI+NH4OH NH^CI-f HgO 

shows, NH4CI IS formed, so that as soon as the 
HCI has been converted into this salt the pH set 
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Table IX. 


Acid 


vKai 

Kai 

P 7 ^a 2 

Aa 3 

pA’a 3 

Sulphuric, H 2 SO 4 . . . . 

Oxalic, H 2 C 2 O 4 

Sulphurous, H 2 SO 3 . 

Chromic, H2Cr04 

Carbonic, H2CO3 

Hydrosulphunc, HgS ... 

Strong. 

» 

>> 

3x10-’ 

9xl0-« 

65 

70 

Strong. 

io-‘ 

6 xl 0 -» 

4-4x10-’ 

6 x 10-11 

1 2 x 10 - 1 * 

40 

53 

6 4 
102 
14 9 



Phosphoric, H3PO4 .... 

Strong. 

— 

1 4x 10-’ 

6*9 

2-7x10-12 

11 6 

Arsenic, H 3 ASO 4 .... 

6 0 x 10 -=' 

— 

1 7x10-’ 

68 

3 0 x 10-12 

11 5 

Citric, H 3 C 3 H 0 O 17 .... 

lxl 0 -» 


2 5x10-* 

46 

l- 6 xl 0 -« 

58 


up by the increasing excess of NH^OH will be 
governed by the two ionisations : 

( 1 ) NH4OH ^ NH^- l OH', 
for which 

7 v^=[NH 4'][0H'J/[NH40HJ and 

(2) NH4CI ^ NH^'-f-Cr, 

so that 

pOH-pXi,+ log ([NH4*]/[NH^0HJ), 
and because 

p/iw; - pH+pOH 

it follows that 

pH==pXu,-pX(,-- log ([N H4-]/[N H4O H]). 


The change in pH after the equivalence point 
le veals the presence of a buffer system which, as 
the foregomg equation show's, is produced by the 
varying ratio of [NH4*] and [NH4OH], i c , of 
fNH4Cl] ; [NH4OH] The pH value on adding 
two equivalents of NH4OH is given by 
pH“ p 7 \'^^— p 7 i^, for then [N H4‘] -^[N H4OH] 
(11) T\v o curv cs are given in Fig. 5 representing 
the pH values sot up when an excess of Na2C03 
IS added to HCI From the equation : 

2 HCI+Na 2 C 03 -> 2 NaCl+H 2 C 03 , 

it is seen that HgCOg is progressively liberated, 
of which, at ordinary temperature, some will 
remain in solution, whereas on boiling the 
carbon dioxide can be diiven off. The upper- 
most curve represents the pH values that will 



be established in the latter instance owing to the 
hydrolysis of the added Na2C02. The lower 
curve gives the pH change if all the H2CO3 
remains in solution and none escapes as carbon 
dioxide. In such a case, the buffer action will 
bo caused by 

H 2 C 03 +Na 2 C 03 :^ 2 NaHC 03 


or lonically by 

HaCOa^ H-d-HCOg', 

z.e , pH=pXai+ log ([HC03'J/LH2C03]). 

Actually, some carbon dioxide will bo lost with 
a consequent reduction in [H2CO3] and a 
corresponding increase in pH. 
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Borax is strictly speaking an acid salt of a 
weak monobasic acid, HB 02 > p-K^a=9*24, for 
in solution it exists as 

NaB0a,HB02(=iNa2B407+JH20). 

Beaction with HCl takes place thus : 

HCl-f NaB02,HB02 NaCI+2HB02. 

The pH values after the end-point are given by 
pH==piCa-f log ([BOg'l/LHBOg]), m which 
[BO 2 '] will be determined by the amount of 
borax added, and [HBOgl by the bone acid 
liberated plus the boric acid present in the excess 
of borax. Thus when two equivalents of borax 
aie added, and the pH 

-9 24- log 3=pH 8-76. 

Precipitation and pH. — Hydroxides — The 
addition of alkah or ammonia to a solution of a 
metal salt (nitrate, chloride, sulphate, etc ) 
generally causes the precipitation of a basic salt 
of indefinite composition. In a few oases only, 
c.j/., silver and magnesium, the oxide or hydroxide 


is obtained, whilst in few cases if the alkali is 
slowly added, with stirring, well-defined basic 
salts of definite composition are obtamed, e.flr., 
3 Cu( 0 H) 2 ,CuS 04 ,Ha 0 (see Britton, J.dS. 
1925, 2796 ; 1926, 2868). Nevertheless, the 

precipitation of basic salts depends on obtaining 
the concentrations demanded by the solubility 
product of the hydroxide involved, t.e., the 
metal -1011 concentration and the hydroxyl-ion 
concentration. For ordinary analytical opera- 
tions, the order of the concentration of metal 
ions does not vary widely, and in consequence 
precipitation depends mainly on the setting up 
of the necessaiy hydroxyl-ion concentration 
required by the solubility product. As Kio 
it follows that the attainment of 
this concentration of hydroxyl 10 ns will be 
indicated by the establishment of the corre- 
sponding concentration of hydrogen 10 ns. In 
other words, precipitation will depend on pH. 
Table X gives the pH values that must be 
reached before the metal hydroxide or basic salt 



begins to precipitate from dilute solutions of 
salts of strong acids (H. T. S. Britton, “ Hydro- 
gen Ions,” Chapman and Hall, 1942, Vol. 2, 
p. 79.) 

Table X. 


Salt of 

pH 

Salt of 

pH 

Mg" . . 

10-5 

Be- . . . 

57 

Ag- . . 

7-5-8-0 

Fe- . , . . 

5-5 

Mn** 

8-5-8 8 

Cu- . . . 

53 

Hg-(CI') . 

73 

Cr - . . . 

5 3 

Zn- 

7-0 

Al- . . 

4-1 

Co- . . 

68 

Hga*’ 

30 

Cd- . . 

6-7 

Hg-(N 03 ') 

20 

Ni- . . 

6-7 

Sn- . . . 

20 

Pb- . . 

60 

Fe- . . 

20 


Consideration of the buffer system, 

NH4CI+NH4OH, 

illustrated in Fig. 6 will show why NH4OH m 


the presence of a sufficient concentration of 
NH4CI prevents the attainment of the mag- 
nesium and manganous hydroxide precipitation 
pH values and thus prevents their precipitation. 

The attamment of the “ hydroxide pH ” is the 
determining factor in the precipitation of basic 
salts of weak acids, e.g , chromates, carbonates, 
borates, silicates (Britton, J.C.S. 1926, 125 ; 
1927, 425). 

Sulphides , — For the precipitation of sulphides 
the concentrations of metal ions and sulphide 
ions together must satisfy the solubility pro- 
duct requirements. Furthermore, [S"] is depen- 
dent on the successive ionisations of H gS : 

MgS^H^+HS', Xai=[H*][HS']/[H2S] 
and HS'^H-+S", -K’a 2 ==[H-][S"]/[HS'] 
The sulphide-ion concentration, 

[S"]=Zir„,.Xa,.[H,S]/[H-p, 

iH thus dependent on [H*], and this explains 
why the most insoluble sulphides onlv are 
precipitated from solutions of low pH, whereas 
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the more soluble sulphides are not precipitated 
until pH 8-9, when the solution has been 
rendered ammoniacal and the HgS has been 
neutralised to the extent, NH^HS (c/. Fig 4) 
and HS' ion is free to ionise unimpeded by 
hydrogen ions. 

Carbonates and Phosphates — In the precipita- 
tion of carbonates and phosphates the [CO 3"] 
and [PO/"] will depend on the hydrogen ion 
concentration, as this is the predominant factor 
m the successive dissociations of the respective 
acids The pH in turn will depend on the extents 
to which these acids may have been neutralisdd 
(Fig. 4) Thus the most insoluble phosphates, 
VIZ., FePO^, Sn,(P04)„ Th3(P04)4, and 
AIPO4 precipitate from solutions at pH 2-4, 
whereas the phosphates of calcium, strontium, 
and barium necessitate values of about pH 7 
It IS on this that the various analytical phos- 
phate separations are based 

For a discussion of the significance of pH in 
oxidation-reduction systems and in many in- 
dustrial processes, reference should be made to 
H. T. S. Britton, “ Hydrogen Ions,” Chapman 
and HaU, 1942, Vol. II. 

H. T. S. B. 

COMMERCIAL APPARATUS FOR THE 
DETERMINATION OF pH. 

General. 

The growing appreciation of the significance 
of pH has led to a demand for reliable apparatus 
for its accurate determination such that com- 
mercial equipments are now available covering 
wide fields of application. The simplest in con- 
ception, and probably the cheapest, are based 
upon colorimetric methods , the majority, how- 
ever, are electrometric and range from straight- 
forward instruments for the direct measurement 
of electrode potentials to complex systems for 
the continuous recording of pH and for its auto- 
matic control within close limits. Between 
these extremes lies a wide variety of instruments 
meeting practically every requirement of the 
laboratory and of industry. 

Colorimetric Methods. 

Indicators. — In general, indicators arc sub- 
stances which impart to a solution under test a 
colour dependent upon its pH value, and for 
reasonably precise pH determination they must 
show a complete colour change over a short 
range of pH. The following greatly abridged 
list of such indicators is arranged in ascending 
order of pH. 


Indicator 

pH range 

Cresol Red 

0 2-18 

Thymol Blue 

12-28 

Bromophenol Blue . 

2-8- 4 0 

Methyl Red . 

4 2-63 

Bromothymol Blue 

6 0- 7-6 

Phenol Red 

6 8-84 

Thymol Blue . 

8 0-96 

Phenolphthalein . 

8 3-10 0 

B.D.H. 9011 Indicator . 

9 0-11*0 

Alizarin 

11*0-13 0 


To facilitate the rapid estimation of the 
approximate pH of a liquid, universal mdicators 
are available which m the range pH 3-11 show 
the whole spectrum from red to violet in the 
correct order; in addition many special in- 
dicators are obtainable for particular appli- 
cations such as the pH determination of glue or 
gelatin, for tests on soil, or for use in screened 
ultra-violet light. 

An indicator may be used for pH determina- 
tion in conjunction with a senes of buffer solu- 
tions having known pH values within the 
range of the particular indicator. A given 
amount of the indicator is added to the test 
solution and to each buffer, the pH of the test 
solution being that of the buffer with which it 
finally matches. 

Comparators. — To avoid the necessity for 
preparing a scries of buffer solutions and to 
simplify coricct matching in the case of initially 
coloured or hazy test solutions, comparators are 
available which largely overcome these diffi- 
culties. Various types are available, some of 
which depend upon a series of standard buffer 


ABC 
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tubes while others make use of permanent 
colour standards , an example of the former is 
given in Fig 1, in which compensation is made 
for the inherent colour of the liquid as shown, 
viewing bemg through the same thickness of 
fluid throughout. Three test-tubes are filled 
with the liquid under test and placed in the 
spaces A, B, and c of the comparator The 
requisite amount of indicator is added to tube b 
only and in front of it, in position E, is placed a 
tube of distilled water. The standaid builors 
are placed in positions n and f and the colours 
compared by viewing m the direction of the 
arrow 

Of the types making use of permanent colour 
standards, which may have accuracies of the 
order of ±0 1 pH unit, the smaller kinds are for 
use with tost tubes, while larger models accom- 
modate glass cells having plane faces which 
present a perfectly uniform colour field for 
matching purposes. Such a device is briefly 
described below. 

The instrument has two viewing apertures, 
the right-hand aperture disclosing a sample of 
the solution under test to which indicator has 
been added, while the left-hand aperture dis- 
closes an untreated sample m order that any 
initial colour of the test solution may be com- 
pensated. In front of the left-hand aperture 
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rotates an interchangeable disc carrying a series The comparator is supplied complete with the 
of transparent colour standards which pass in necessary accessories, and colour discs are avail- 
turn across the aperture and represent — m small able for such special applications as the pH 
steps — the exact colour changes undergone by determination of nickel plating solutions, 
the corresponding indicator with variation in necessitating compensation for salt errors. 
pH value. 

Having established a match between the colour Electrometric Methods. 

standard and the treated solution under test by In view of the fact that change of pH m an 
rotating the disc, the corresponding pH value is aqueous solution is essentially an electrochemical 
disclosed at an aperture near the bottom right- iihenomenon, it is reasonable that the deter- 
hand corner of the instrument mmation of pH should be undertaken by direct 
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Fig. 2. 


electrical means — particularly as the logarithmic 
nature of the unit of pH results m a substantially 
Imear relation hnkmg pH value with the e.m.f. 
developed between a suitable electrode and the 
surrounding solution. 

The normal standard of reference is the 
hydrogen electrode and this type (in practice 
comprising an electrode of noble metal round 
which hydrogen gas is bubbled) is available for 
laboratory purposes in various physical forms. 
The potential Ei^ between the hydrogen electrode 


and a solution at a temperature of t°c., derived 
from the elementary theory of the hydrogen 
concentration cell, has the following relationship 
with pH : 

Eu=(RTInF)\oz^ ([H*]i/[H-]2) 

=00001983(273-fOpH. 

It follows, however, that the practical 
measurement of such a potential involves the 
introduction into the solution of a second 
(reference) electrode having characteristics such 
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that its o^vn potential relative to the solution — 
ideally zero — is invariable with pH. It is also 
apparent that any measuring system should 
impress the smallest possible load on the 
electrode system, and iurther, that if a mea- 
suring device is to be calibrated directly in pH 
units, it must be fitted with some form of 
temperature compensator. 

Electrodes other than the hydrogen electrode 
are the more largely used in commercial practice, 
partly to avoid the inconvenient necessity for a 
supply of hydrogen gas and partly because of its 
unsuitability m the presence of oxidising and 
other agents. Some electrodes in common use 
are shown in Fig 2 ; m the figure, a illustrates a 
complete glass/calomel system with capillary 
salt bridge and three-way cock for flushmg and 
cleaning, b shows an individual calomel reference 
electrode with salt bridge, while o is a sealed 
glass electrode and D an antimony electrode con- 
sisting of a plug of the metal fitted to the end of 
a glass tube. Electrode e is a platinum plate 
attached to a glass tube which may be used for 
Eh measurements or for pH dotermmations in 
the presence of qumhydrone. F depicts a form 
of hydrogen electrode through which hydrogen 
18 bubbled; o is a specialised glass electrode 
assembly suitable for dealing with very small 
quantities of test liquid — such as blood or sera — 
without atmospheric contact^ 

Certain of these basic types are discussed 
below in greater detail. 

Electrodes and Electrode Systems. — 
Whatever typo of electrode is employed in the 
determmation of pH, it involves the use, as 
pointed out above, of a second electrode which 
18 itself immune from the effects of change m pH, 
the most common being the saturated calomel 
electrode with potassium chloride salt bridge 
Such a reference system can, for working pur- 
poses, bo regarded as producing a constant e.m f. 
for which allowance can bo made, no contact 
potential being developed at the liquid junction 
itself. The latter may take a variety of forms, 
but often consists of some kind of sinter, porous 
bung or ground glass leak through which the 
potassium chloride solution slowly seeps, the 
supply being maintained by a storage reservoir. 
Fig. 3 illustrates one form of construction in 
some detail. 

Electrodes employed for actual pH determma- 
tion differ widely, but the choice of basic type 
depends largely upon two mam factors 

1. Suitability, or otherwise, for use in con- 
nection with a given application — some elec- 
trodes bemg adversely affected by a particular 
solution to be tested. 

2. Whether or not a significant load is to be 
imposed on the electrode system by the mea- 
surmg apparatus, or whether the input to such 
apparatus offers a virtually infinite impedance 
— for example, an electrostatic or thermionic 
electrometer. 

The antimony electrode is an example of the 
“ robust type, both m the physical sense and 
also in the sense that it is of low resistance and 
may be connected directly to a galvanometer or 
other current-operated device. Although the 
use of the electrode is subject to certain restric- 
tions — for " example, it is unsuitable in the 


presence of strong oxidising agents — it is very 
suitable for many mdustrial apphcations and is 
successfully used in certain commercial pH 
recordmg systems. 

The glass electrode, on the other hand, can 
hardly be described as robust m the generally 
accepted sense but has the great advantage that 
it IS extremely versatile in application and has a 
linear pH/e m.f. characteristic over the major 
portion of the pH scale. The greatest non- 
Imeanty which may be expected at the higher 
pH values is due to sodium ions — see Fig. 4 : 
in practice this shortcoming does not by any 
moans preclude the use of the electrode m this 
region, as the associated measuring equipment 



may be set up on known buffer solutions which 
themselves have values of the same order. 
Despite the fact that the mherently high mternal 
resistance normally necessitates the use of a 
thermionic valve electrometer, the general 
advantages of the glass electrode are such that 
it has achieved very considerable popularity. 

Commercial versions of the glass electrode 
differ from each other in design, but the follow- 
ing description of a typical product should bring 
out the mam constructional pomts. The elec- 
trode imder review consists of a small bulb of 
special low -resistance glass, about 0 05 mm. in 
thickness, sealed to a stem made from glass ex- 
hibitmg a much greater resistance to ion transfer, 
errors due to variable depth of immersion thus 
being eliminated. The stem incorporates an 
auxiliary bulb, just above the membrane proper 
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and of larger diameter, in order to afford pro- 
tection against mechanical damage. Electrical 
contact with the membrane is established by 
means of a chloride solution sealed within the 
bulb, an internal electrode of the silver/silvor- 
chloride typo immersed in this solution providmg 
connection with the external screened lead 
which emerges through a moulded cap at the top 
of the stem. The general arrangement of a glass 
electrode with spherical membrane is shown in 
Fig. 6. Electrodes of this type are also available 
with pointed membranes for msertion into semi- 
sohds. 

While it is probably true to say that the precise 
functioning of the glass electrode is not fully 
understood in all its details, it may be crudely 
visualised as constitutmg a membrane which is 
pervious only to hydrogen ions ; an osmotic 


analogy may then be drawn as illustrated in 
Fig. 6. 

Glass and other electrodes are commercially 
obtainable either individually or complete with 
a stand which also carries a reference electrode 
and thermometer or temporaturo compensator ; 
ono such arrangement is shown in Fig. 7, in 
which the reference electrode is of the type 
having an external reservoir. Electrodes are 
also available suitably assembled for industrial 
applications either in immersion form or for 
incorporation as part of a flow system. More 
specialised arrangements of this type are 
descnbed later in the sections dealing with com- 
plete pH measuring and recording equipments. 

Measuring Apparatus. — Electrodes of the 
low resistance type (e.g., antimony, as opposed to 
glass) may be connected directly to a suitable 



milhvoltmetcr ; the foUowmg is an outline 
description of a simple robust commercial 
instrument designed for this purpose and par- 
ticularly suitable for routine measurements or 
for use in schools and technical colleges ; the 
apparatus has a total range of 1,200 millivolts 
and readings to 1 milhvolt can be estimated. A 
two -position switch enables the meter to be 
connected to the electrodes or across a portion 
of an internal potentiometer for standardismg, 
a dry cell providing the current for the potentio- 
meter circuit. 

In the case, however, of a high-resistance 
source such as the normal glass electrode having 
a resistance of the order of, say, 60 megohms 
(certain specialised glass electrodes have a very 
large surface area and correspondingly com- 
paratively high conductance), the use of a valve 


electrometer is essential and it is a usual require- 
ment of such a valve that its input admittance 
should be unobtrusively small and invariable 
with applied e.m.f. A simple valve circuit is 
given m Fig. 8 ; in use the null indicator would 
first be centred with the switch m the set 
position and the condition of balance restored 
by adjusting the calibrated potentiometer, from 
which the e.m.f. from the electrode system could 
finally be read. It will, of course, be understood 
that, apart from the practicability or otherwise 
of such a circuit, allowance for the residual e.m.f. 
of the cell cham and for the temperature of the 
test solution would have to be made when cal- 
culatmg the pH value. 

A number of commercial instruments function 
as direct readmg “ at a glance ” pH meters 
(i.e., the pH of the test solution is indicated by 
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the pointer of a meter) and are essentially d.c 
valve voltmeters with the necessary addition of 
controls for tcmperatuie adjustment and for 



setting up against standard buffer solutions. 
Other types — usually ot somewhat greater pre- 
cision — are potentiomctric in that the e m.f to 


be measured is compared with that from a 
standardised potentiometer, they are elabora- 
tions of the simple circuit given in Fig 8. 

The follow mg is a description of a commercial 
laboratory-type pH meter, a c. mains operated 
and incorporating automatic tempeiature com- 
pensation. The instrument is essentially a 
sensitive electrometer of very high input resist- 
ance pnmanly designed for the determination of 
pH with the glass electrode system supplied ; the 
control dial is therefore directly cahbrated in 
pH units as well as in millivolts. When switched 
to operate as a milhvoltmeter, the automatic 
temperature compensator is disconnected 
The instrument consists basically of a pre- 
cision potentiomctei , standardised against an 
internal Weston cell, with a balance indicator 
comprising an electrometer valve and galvano- 
meter. The range is pH 0-14 with an accuracy 
of Lb 02 pH unit, and, to simplify setting up, 
buffer solution tablets are provided. 

Reference to Fig. 9, which gives the circuit 
diagram in simplified form, wull show that the 
e.m f from the standardised potentiometer is 
applied to the electrometer valve in series - 
opposition to the unknown c.m.f ; the valve in 
turn operates the bridge-connected galvano- 
meter balance indicator When set up for 
making direct pH measurements, the resistive 
temperature compensator is immersed in the 
solution under test, its function being auto- 
matically to regulate the potentiometer e.m.f. 
in close conformity with the relation given 
below. 

JS7=:^;o-i-a^+0 1 983(273 -f-OpH millivolts, 
where ^=: temperature in °c., 

=5 residual electrode potential, and 

a -a constant determined by the cha- 
racteristics of the cell chain. 



The true pH of the solution at the working 
temperature is indicated. To obtain stability 
agamst fluctuations in a.c.-mains voltage, the 
d.c. output from the powder pack — not shown on 
the functional diagram — ^is stabilised by a gas- 
filled relay. (For use where an a.c. supply is not 
obtamable, a similar instrument is available 


which operates entirely from internal dry 
batteries ) 

The electrode system is mounted on a stand 
removable for external use, the electrodes them- 
selves compnsmg a glass electrode of the silver/ 
silver-chlonde type and a saturated calomel 
reference electrode with potassium chloride salt 
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bridge. For pH measurements on the sera 
encountered in biological work, a special glass 
electrode system is available which operates 
with very small volumes — 0*2-0*3 ml. ; a closed 
electrometric titration unit is also available into 


which an atmosphere of inert gas may be intro- 
duced if desired The importance of electro- 
metric titration methods warrants a description 
not only of this unit, designed as an accessory 
for use with a pH meter, but also justifies refer- 



ence to complete equipments designed for this 
specific purpose. The electrometric titration 
unit in question comprises a flask containing a 
glass electrode and a tube terminating in a 
sintered disc through which the liquid junction 


IS made, mounted on a stand carrymg a saturated 
calomel reference electrode and burette clamp 
The reference electrode is connected to the 
smtered head by a rubber tubing, the other 
couplings to the flask also being flexible in order 



to allow mixing by swirling. The flask has two- 
side necks m addition to a main neck terminating 
in a ground socket. The side necks carry the 
glass electrode, the salt bridge, and an inlet for 
purified air, while the flask head is provided with 
a flexible air-tight connection for the tip of an 
ordmary burette ; it also bears an air outlet and 
VoL. IX.--28 


a water inlet tube with bead valve. When the 
end-pomt of the titration is being approached a 
fraction of a drop can be collected on the burette 
tip, which 18 then brought agamst the side of the 
internal tube of the flask head and the reagent 
washed into the flask by opening the bead valve 
on the water inlet. 
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Tho following is an example of a complete 
potentiometric titration apparatus — as opposed 
to an accessory for use with an existing pH meter 
— which, m point of fact, was ongmally designed 
lor tho analysis of steels, particularly those con- 
taining chromium and vanadium. Fig. 10 is a 
reproduction of a curve taken with this apparatus 
showmg the titration of chromium as dichromate 
with ferrous ammonium sulphate (0 In.). The 


apparatus comprises an electrode system with 
motor-driven glass stirrer, a potentiometer, and a 
spot galvanometer mcorporating a lamp and 
scale. The standard electrode system inoludeM 
platinum and calomel electrodes, mounted on a 
substantial base together with a burette, a 
beaker, and a second burette for back titration. 
Special reference cells can be supplied for par- 
ticular titrations. 



The high-resistance potentiometer is supphed 
by two mternal cells, the dial covering a range 
of 0-2 0 V. in steps, fine adjustment being 
obtained by a separate control knob. The 
battery switch has three positions — normal, 
OFF, and REVERSE, facilitating the use of the 
apparatus for titiations m alkaline solutions 
without reversing any connections The gal- 
vanometer has a uniform scale 160 mm. long 
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with centre zero, and the high resistance of the 
circuit ensures that polarisation has no seripus 
effect on the accuracy of the titration. The 
approach of the end-point is denoted by tem- 
porary galvanometer deflections of increasmg 
magnitude, the end point bemg shown by a 
sudden large permanent deflection. 

A type of commercial titration equipment of 
special interest is arranged for a.c. -mains 
operation and stabilised to overcome the possi- 


bility of drift during a titration sequenc e ; it is 
m two sections linked by multicoro cable — a 
titration unit and a potentiometer unit. The 
former consists of a cast base and column ac- 
commodating a beaker, a pair of calibrated 
burettes, tho electrodes, and a glass stirring 
screw operated by an electric motor, the beaker 
platform incorporating a hot plate giving three 
degrees of heat. The followmg electrodes are 
provided . two platinum, one tungsten, one 
hydrogen, and one calomel. 

The potentiometer unit has a somewhat 
unusual circuit as shown m simplified form by 
Fig. 11. The unit makes use of a 100-cycle-por- 
soc. vibrating switch which connects an amplifier 
circuit alteniately to the unknown potential and 
to a known potential developed across a cali- 
brated potentiometer circuit, the two potentials 
being of tho same sign. If tho settmg of tho 
calibrated potentiometer is such as to produce a 
difference of potential when compared with the 
unknown, then a 100-cycle pulsed waveform will 
appear across tho input to tho amplifier, which 
is passed to an electron beam (“ magic eye ”) 
mdicator. If the known and unknown potentials 
are identical, then no signal will be impressed on 
the indicator, thus showing balance ; the value 
of the potential is given by the potentiometer 
system, which is calibrated from 0 to 400 mv., 
extended to 2,000 mv. by switching in additional 
resistors. Changes in potential of 2 mv. are 
clearly indicated throughout the range. 

To facilitate operation the “ magic eye ” is 
duplicated on the titration unit and arrange- 
ments are provided for introducing a small, 
polarising voltage to the electrode system when 
required. 

Recorders, — In general, pH recording equip- 
ment finds its application more in the field of 




435 


pH. 


industrial process control than directly in the 
laboratory ; such apparatus must, therefore, be 
of robust construction and must be capable of 


reliable service with the minimum of skilled 
attention. Commercial recorders and recorder- 
controllers diflfer in principle — except, of course, 


// r + 



Fig. 11. 


the basic one of e.m.f. measurement as the moans 
of pH detcrmmation — as widely as do the corre- 
sponding pH meters for laboratory use. Typical 
examples are outlmed below. 


The first to be described (see Fig. 12) makes use 
of an antimony/calomol electrode system and 
the latter, complete with resistance temperature 
compensators, is available in several physical 



arrangements either for tank mounting or for 
connection to a flow system. The output from 
this low resistance electrode combination being 


adequate for the direct operation of a galvano- 
meter without amplification, the o.m.f. from the 
electrodes is applied in the recorder to a potentio- 
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meter bridge having a special galvanometer as 
null indicator. Fig. 13 shows the circuit in its 
simplest form; the system is directly electro- 
mechanical and operates m the following manner. 


Current Adjuster Q^y 



Antimony Electrode 

Fia. 13. 


At the beginning of a cycle controlled by a small 
motor, the galvanometer needle is entirely un- 
restricted and is free to take up a position 
determined by the pH of the solution under test. 


As the cycle progresses, the galvanometer needle 
18 firmly clamped and its position explored by a 
scissor mechanism which engages a clutch and 
m turn rotates a spindle an amount proportional 
to the deviation (if any) of the galvanometer 
needle from its position in the precedmg cyele. 
This movement is recorded on a continuous 
10 m. chart and at the same time a shde wire is 
moved to restore the balance of the potentio- 
meter bridge. Automatic temperature cor- 
rection and current standardising are incor- 
porated, and a gearbox is provided for the control 
of chart speed. 

Another typo of recorder, in this case for use 
with a glass electrode, employs in a self- 
balancing potentiometer system a special electro- 
meter valve which presents a very high im- 
pedance to the electrodes (see Fig. 14). Any 
deviation from balance in the potentiometer 
system, occasioned by a change in pH on the 
part of the liquid under test, excites a sensitive 
polarised relay which in turn energises a step- 
by-step reversible impulse motor and moves a 
slide-wire contact until balance is restored. The 
contact arm is geared to a recording pen which 
traces the measured pH value on a rotatmg 100- 
imo circular chart, driven by a clock motor, 
which has a radial scale of pH and a circular 
time-scale of 24 hours ; the whole chart is visible 
through a wmdow and the pen serves as a 
direct-reading indicator. 

Power for the measuring circuit is supplied 
from the a.c. mains through a rectifying and 
voltage stabilising system which gives an output 
independent of fluctuations in the supply volt- 
age, while power for the indicating and recording 
mechanism is taken through a separate system so 
that no significant load is imposed upon the 
sensitive measuring ciicuit. 

The external electrode system, which is con- 
nected to the recorder by a multicoro cable of 
high insulation resistance and may be of the dip 
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or flow type, comprises a glass electrode, a ment in accordance with the known e m.f. /tern- 
reference electrode of the saturated calomel type perature law of the cell. In the dip-type 
and a temperature compensating unit which assembly the electrodes are mounted at the 
automatically corrects the reading of the instru- extremity of a tubular frame for immersion to a 
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depth of about 30 in. and are protected from 
mechanical damage by a surroundmg cage, all 
electrical connections being established via a 
socket at the top of the assembly. 

The assemblies are primarily arranged for 
bolting to the side of a vat or duct, but alterna- 
tive fixings enable them to be introduced through 
the top of a vessel or hooked over the side of a 
vat and clamped in position by thumbscrews. 
The flow t 3 rpe, on the other hand, is a wall 
mounting unit for inclusion in a by-pass or 
bleeder on the installation, the active elements 
being contamed in a demountable closed vessel 
from which air is excluded Models are also 
available which are of particular use m the 
presence of heavy sedimentation, and in all 
models the liquid junction is fed from a reservoir 
which can be replenished while the electrodes are 
actually in operation. 

Controllers. — ^From the continuous record- 
ing of pH, its automatic control is a natural step ; 
in general this is accomplished by adding to the 
recordmg apparatus the mechanism necessary 
for the operation of dosing valves or other 
devices which govern the admission of acid or 
alkalme reagents. Where the permissible bmits 
of pH value are comparatively wide the control 
mechanism may be called upon only to release 
the required correcting reagent at a constant 
rate during such time as the pH of tho final 
ofiluent IS outside the specified limits, but where 
close control is necessary — particularly when 
vide fluctuations m pH are to be expected — ^the 
controlling system may be called upon to inject 
reagent at a rate proportional to the change in 
pH. . 

The method of control may be mechanical, 
electrical, pneumatic or any combination of the 
three. In one system, for example, a valve 
operated by an electric motor controls the flow 
of supplementary alkali mto a predominantly 
acid effluent (or vice versa) in order to raise its 
pH, before disposal, to a value to be maintained 
between certain limits. In this equipment a 
movmg coil meter, incorporated m tho controller 
and giving a contmuous indication of the pH of 
the effluent, is the actual monitor of the control 
system and it is on the deflection of its pomter 
that the correction depends. The controlling 
Imkage between the meter and the valve motor 
switches is a mechanical one, the switches them- 
selves bemg of the glass-mercury typo. Two 
push-plates are mounted m the instrument, 
equally disposed about an adjustable control 
index which is sot to correspond with the average 
pH value (i0*5 pH unit) which it is desired to 
maintain, these push-plates being flexibly 
coupled to the appropriate ends of the mercury 
switches governing the valve motor; a dead 
zone 1 pH unit wide exists between these “ high ” 
and “ low ” plates. While the pointer of the 
meter is in the dead zone the motor remains 
stationary, with the alkah valve left at the 
sottmg resultmg from any precedmg appli- 
cation of correction. Depression of the ‘ pH 
low plate rotates the motor to open the alkali- 
admittmg valve, while depression of the “ pH 
high ” plate correspondingly closes the valve. 

Actual depression of individual plates is caused 
by the periodical falling of a presser-bar above 


tho plates which is cam-operated by a motor in 
the controller. This bar falls once every 
16 seconds and remams down for a period of 
between 0*5 and 5 0 seconds, determined by the 
setting of tho vanable-dwoU cam operatmg it. 
A stylus IS so placed on the indicating pomter 
that, when the latter is over one of the push- 
plates, the stylus is interposed between the 
presser-bar and that particular plate, thus 
causing it to be depressed and so operate the 
associated mercury switch. It will bo seen from 
the foregoing that the setting of the vanable- 
dwell cam operating the pressor-bar determines 
the rate of operation of tho valve, tho process 
occurring m a series of impulses of predetermmed 
duration. Tho motorised valve assembly itself 
comprises a spht-field series of motor drivmg a 
valve-operating shaft through a reduction gear. 


Air 

Supply Pilot Value 



24 Hour 
Circular Chart 

Fig. 15. 


adjustable glass-mercury-type hmit switches 
bemg fitted to restrict the valve travel as may 
be required. An additional feature of the equip- 
ment 18 the incorporation of a warning unit 
carrying three coloured lamps which light up to 
mdicate “ pH normal,” “ pH high,” or “ pH 
low.” 

In another system of control, the operation of 
the reagent valve or valves is pneumatic. The 
pH measurmg and recording portion of tho 
equipment is somewhat on tho Imes of tho 
recorder already described and functionally 
illustrated by Fig. 14. To accomplish control a 
specially-shaped vane is mounted on the spindle 
of the balancing system and positioned to float 
freely between the nozzles of a pair of opposmg 
jets supphed, via a constriction, with compressed 
air at about 15 lb. per sq. in. The position of the 
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vane regulates the flow from the jets and hence 
the pressure in the jet system, this pressure 
being applied to an expanding capsule which 
operates a pilot valve in the outgoing com- 
pressed-air control line and thereby governs the 
main valve or diaphragm motor controlling the 
pH of the process. The pH value to which — 
withm close limits — the process is to be held is 
determined by setting a pointer to the appro- 
priate Ime on the recorder chart. The basis of 
the control system is illustrated functionally in 
Fig. 15. 

The commercial recorder-controller shown in 
Fig. 16 operates on the pneumatic free- vane 
principle and is available with a choice of three 
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primary characteristics — ^narrow band propor- 
tional control with a fixed throtthng range (or 
on-and-ofif), proportional control with adjustable 
throttling range, and proportional control with 
automatic reset of control pomt. The first two 
are suitable for simple control apphcations 
having only moderate time lags ; the third and 
more complex form of the instrument is designed 
to meet the problems presented where the time 
lag is considerable and a large change m the flow 
of corrective reagent may be required to mam- 
tain constant conditions. The throtthng range 
is normally narrow but is temporarily widened 
in proportion to the rate of change and subse- 
quently restored to its narrow value. 
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PHARBITIDIN, an anthocyanidin derived 
from the pigment of a red form of “ Morning 
Glory ” {Pharbitus nil) , it is identical with 
pelargonidm (Kataoka, Pro. Imp. Acad. Tokyo, 
1928, 4, 389). 

W. B. 

PHASE-BOUNDARY POTENTIAL (v. 

Surface Films). 

PHASE RULE: APPLICATION TO 
THE SEPARATION OF SALT SOLU- 
TIONS INTO THEIR CONSTI- 
TUENTS. 

Introduction.* 

The isolation from a complex of substances of 
a particular solid, hquid, or vapour contained 
therein, or potentially present, is an essential 
part of many industnal chemical processes. 
Generally, before a specified substance can bo 
isolated from such a mixture, it must first bo 
formed as a separate phase. Hence, to prepare 
the desired substance, a knowledge of the con- 
ditions under which it can exist as a separate 
phase in equilibrium with the other components 
of the mixture is usually essential. The general 
relations which must obtain between the number 
of phases, the number of components, and the 
number of independently variable properties of 
a complex of chemical substances are, of course, 
formulated m the phase rule. The actual 
numerical values or range of values of the 
variable parameters, such as temperature, pres- 
sure, phase concentration, under which the 
specified phase can exist in equihbrium in a given 
complex can be determmed only by experiment. 
Such experimental work, directed towards 
defining the conditions of stable existence of the 
possible phases of a complex, is guided by the 
phase rule, and the results of the experiments 
are interpreted by this same rule. 

This article deals with the application of know- 
ledge of heterogeneous equibbria to problems of 
chemical manufacture. The equilibria con- 
sidered, however, are only those between sohds 
and liquids, and m particular between salts and 
aqueous solutions. Systems mcludmg a vapour 
phase are not dealt with. The systems con- 
sidered therefore belong to the class known as 
“ condensed ” systems. It is assumed that in 
such systems the pressure is sufficiently great to 
prevent the formation of a gas phase, but still 
sufficiently low to bring about no marked change 
in the solid-liquid equilibrium relations as they 
exist at, say, a low equihbrium gas pressure. 
Practical lower and upper pressure limits im- 
plied by the use of the term “ condensed ” are 
usually 1 and 100 atmospheres. 

In the following discussion it will be assumed 
that the reader is familiar with the principles of 
the phase rule and its application to the descrip- 
tion of binary, ternary, and quaternary systems. 
Where this knowledge is lacking, it may be 
acquired by a study of the phase-rule section of 
a number of books dealing with physical 
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chemistry, or, better still, from such standard 
phase-rule works as those cited below. 

H W. B Roozeboom, “ Die Heterogenen 
Gleichgewichte vom Standpunkte der 
Phasenlehre,” Vols. I to III, 1901-1913. 

D. A. Chbbens, “ Pnnciples of the Phase 
Theory,” Macmillan, 1920. 

A. Findlay and A. N. Campbell, “ The Phase 
Rule and its Applications,” 8th ed., Long- 
mans, 1938. 

A. C. D. Rivett, “ Phase Rule and the Study 
of Equilibria,” Clarendon Press, 1923. 

S. T. Bowden, “ The Phase Rule and Phase 
Reactions,” Macmillan, 1946. 

J. E. W. Rhodes, “ Phase Rule Studies,” 
Oxford University Press, 1933. 

F. F. Purdon and V. W. Slater, “ Aqueous 
Solutions and the Phase ^Diagram,” 
Arnold, 1946. 

Some of these works also contain sections 
which deal with the application of a knowledge 
of phase equilibria to process problems, more 
information is available in original papers as 
well as m other sections of this dictionary, i.e., 
application to distillation, metal alloys, glass, 
and refractory materials. These subjects are not 
dealt with in this article, which is restricted to 
the behaviour of salt mixtures in aqueous 
systems. 

In deahng with this subject, it will be neces- 
sary to discuss system types, but it will be 
understood that these are merely a selection 
from a great number of possibilities. They will, 
however, also serve as dlustrations of many of 
the fundamental principles of phase equilibria 
to be found in the books and literature referred 
to above. 

PuASE Equilibrium Diagrams and their 
Characteristics . 

The preparation of any particular phase 
requires a knowledge of its conditions of exist- 
ence, and these conditions are evaluated by 
solubility detormmations. The results of such 
measurements are usually represented diagram- 
matical ly. It is possible to read off from the 
diagram the conditions of temperature, pressure, 
and concentration which must be established to 
secure the isolation of the wanted phase. In 
many cases a partial or completely quantitative 
recipe for the preparation can qmckly be 
deduced. 

A brief description of the principal methods 
of the representation of equilibria in hetero- 
geneous systems will enable a clearer view to 
be obtained of the use of such diagrams in 
solving process problems — the subject of this 
article. 

Pressure is of course one of the factors deter- 
mining solid-liquid equilibrium, but since it is 
assumed that it will be kept within limits where 
its influence may be neglected no representation 
of pressure is required. In a one-component 
system there only remains temperature as a 
variable. It is seldom necessary to shov^ this 
diagrammatically if only one component is 
present, but if desired it can be represented as a 
straight line showing the temperature scale and 


the melting-point of the component. This 
course is adopted when single components are 
being considered as parts of bmary or higher 
order systems. 

With a bmary system there is in addition to 
temperature another variable, i.e., component 
concentration. In such a case it is usual to 



Fio. 1. 

plot the solid-liquid equilibria on a plane dia- 
gram with rectangular co-ordinates, plotting 
temperature vertically and component con- 
centration horizontally, e.gr., in Figs. 1-8. A and 
B represent pure A and pure B respectively. 
A point H (Fig. 2) represents a mixture contam- 
mg HB parts of A to ha parts of B. Vertical 



Fio. 2. 

lines at a, h, or b represent the corresponding 
constant compositions at different temperatures. 
Horizontal lines show varying compositions at' 
constant temperature. 

In ternary systems the usual representation 
consists of an equilateral triaugle drawn for 
each temperature. The trian^e comers repre- 
sent the pure components and any given com- 
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position can bo plotted on the principle illus- 
trated in Fig. 10. To show temperature changes, 
a space diagram is needed and a triangular prism 
IS normally employed. A variation of the 
equilateral triangle is sometimes used This is 
somewhat similar to the binary representation, 
the ratio of the concentration of two salts is 
plotted horizontally and the quantity of solvent. 


A 



Fig. 9. 


e.gf,, water, is plotted vertically (Figs 9 and 11 
show a ternary isotherm plotted by each method) 
Four-component systems can bo divided into 
two types which require slightly different 
methods of representation : 

{a) System containing a “ solvent ” and three 
salts with a common ion ; 

(h) System consisting of a solvent and recipro- 
cal pair of salts which can undergo 
double decomposition, e.g,, 

AX-fBY ^ AY+BX. 


A 



For representation purposes, a three-dimen- 
sional diagram is required in either case, (a) or 
(6), and the following methods are available : 

(a) (1) Tetrahedron with pure components 
represented at comers (Schreine- 
makers). 


(2) Triangular prism, three salts at 
corners of base and water vertical 
(Jftnecke). 

(h) (1) Pyramid on square base — pure salts at 
corners of square base and pure 
water at the apex (Lowonhertz). 



(2) Square prism, the square base of which 
a^in represents the four anhydrous 
salts and their mixtures Water 
plotted vertically (.Janecko). 

Since the Janecke method is more generally 
used by modem authors, this type of plotting 
will be described. 

For the common-ion type of quaternary 
system, (AX— AY— AZ— HgO) or (AX— BX— 
CX — HgO), it is necessary to express the phase 
or mixture composition as the amount of each 


A 



component present per 100 parts AX-1- AY-f AZ 
or AX-fBX-fCX, then to plot the ratio 
AX/AY/AZ as on the triangle (Fig. 15), and the 
associated water vertically. The units may be 
either weights or gram-molecules. 

^In a reciprocal salt-pair, AX-I-BY-hHjO ^ 
AY+BX+H.O, the composition of any phase 
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or mixture can alwaya be expressed in terms of 
three of the possible salts and water. Usually it 
will be desirable to calculate first to weight per- 
centages, but these must then be converted to 
molecular units. The ionic ratios A/B and X/Y 
are then calculated, whilst the HgO present is 
expressed as molecules of HgO per 100 molecules 
of the three salts present. The plotting of the 
ionic ratios in the salts is then effected as shown 


A 



Fig. 13. 

in Fig. 18. Here it will bo sfeen that side 
AX — AY con tarns 100% of ion A, bx — by has 
100% ion B, AX — BX has 100% ion X and 
AY — BY has 100% ion Y. Lines parallel to 
AX — AY and BX — by represent constant ratios 
of A/B and lines parallel to ax — bx and ay — by 
constant ratios of X/Y. The intersection of two 
lines at right-angles, such as lines pq and ns 
intersectmg at t, fulfil the conditions for any 


A 



Fig. 14. 

pre-determined ionic ratios. Having fixed the 
position of the pomt representing the salts, it 
only remains to plot the associated water 
vertically. 

In four-component systems, whether of the 
common-ion or of the reciprocal salt-pair type, 
the vertical sides of the space diagram represent 
the subsidiary ternary systems plotted as m 
Fig. 11. The two-soUd-phase solution points 
such as E become the starting points for two- 


solid-phase curves. These curves intersect in 
one or more three-solid-phase points and enclose 
surfaces representmg solutions which are in 
equihbnum with one of the sobd phases. 
Figs. 16 and 19 are perspective views of space 
diagrams for simple types of four-component 
system. Fig. 16 relates to the “ common-ion ” 
type and Fig. 19 to reciprocal salt pair. 

Space models are extremely valuable and often 


AX 



enable one to observe characteristn s and develop- 
ments otherwise missed. In most cases, how- 
ever, it is necessary to use two-dimensional 
projections and, as will be seen later, at least 



two projections are needed for any space dia- 
gram. A favourite projection is one on the 
horizontal base which shows the proportion of 
salts or ions present and which, of course, ex- 
cludes water. Such a projection for a common- 
ion system is shown in Fig. 16 and a similar one 
for a reciprocal salt pair in Fig^ 20. /so-water 
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curves can, however, be added to such pro- 
jections as in Fig. 21. 

In the common-ion type, at constant tem- 
perature (e.g.y Fig. 16), these are projections of : 

Three surfaces, axgpb, aybpf, and 
AZGPF, for solutions m equilibrium with the 
smgle solid phases AX, AY, and AZ, 
respectively. 


B 



Fig. 17. 

Throe curves, bp, gp, and fp, for solutions 
in equilibrium with AX+AY, AX-f AZ, 
and AY+AZ, respectively. 

One fixed point, p, representing a solution 
in equilibnum with the three solids AX, 
AY, and AZ. 

In the simplest type of reciprocal salt pair. 
Fig, 20, the number of “ one-solid-phase ” 



surfaces is increased to four; axjfbd (Solid 
AX), BYGEFH (Sohd BY), AYDEG (Solid AY), 
and BXJFH (Sohd BX). There are five two- 
solid-phase curves; DB (AX-f AY), ge 
(AY-f BY), jf‘(AX4-BX), hf (BX+BY), and 
BF (AX-f BY). Fmally there are two solutions, 
B and F, each in equihbrium with three sohds, 
B (AX+ A Y+ BY) and f (AX-f BX+ BY). 


Equilibrium diagrams, whether plane or three- 
dimensional, serve a two-fold object. They are 
pictorial records of experimental work and by 
the apphcation of geometrical principles they 
enable one to define phase compositions for all 
parts of the system which is represented. For 
this latter purpose, the diagrams should not be 



considered merely as collections of solubility 
pomts or curves but rather as portiaymg areas 
and/or volumes bounded by the cuivos. This 
will bo clearer from Figs. 1-8, which illustrate 
binary systems at varying temperatures, as well 
as from Figs. 9-14 for ternary systems at con- 
stant temperatures, and in Figs. 20-23 which are 


AX J BX 



projections of isothermal space diagrams for 
quaternary systems. 

In the above-mentioned figures, the various 
areas, etc., have been labelled with the names of 
the phases to which they correspond. Such 
treatment considerably enhances the value of 
the diagrams. 

Where an area represents a mixture of two 



444 PHASE RULE: SEPARATION OF SALT SOLUTIONS. 


phases, it is advantageous to conceive it as built 
up of an infinite number of “ tie-lines ” ; these 
are lines connectmg the composition of phases in 
equilibrium and consequently at the same 
temperature. In some cases we have a solid of 
constant composition in equilibrium with a 
variable liquid phase (Figs. 1-3, 9, 11, 12, 16. 


AX BX 



19, 20-23). Other possibilities include two 
variable liquids (Fig. 17), a solid and liquid each 
variable (Figs. 4-8, 13, 14). In binary diagrams 
where temperature is plotted vertically, the 
“ tie-lmes ” are horizontal and m isothermal 
ternary and quaternary diagrams they radiate 
from the point representmg the sohd phase. 


AX C BX 



Fig 22. 

The significance of two-phase “ tie-lines 
•becomes even greater when it is realised that 
every point on an mdividual hne represents a 
mixture of the two phases represented by the 
end points. In addition, the position of any 
intermediate point denotes the proportion m 
which the two phases are present. Thus, in 
Fig. 2 (binary), pomts on the tie-line er (tem- 


perature ti) will represent all possible mixtures 
(“ complexes ”) of saturated solution e and solid 
phase H. For any selected pomt such as c, this 
composition will, at temperature and under 
equilibrium conditions, yield solid ii and 
saturated solution E m the proportion of EO 
parts sohd to RC parts solution. In an isothermal 


(NH4)2S04 (NH^CIOJ^ 



ternary system such as shown by Fig. 9, the point 
H on tie-lme aj represents a mixture of sohd a 
and saturated solution J in the proportion ha 
parts solution to hj parts sohd. 

When using a two- or three-dimensional dia- 
gram m which 18 plotted the ratio of salts in the 
phases, it is important to remember that the 



proportion rule relates to the amounts of salts in 
the solution and of salts m the solid phase. 
Moreover, this limitation still holds m a ternary 
diagram, such as Fig. 11, or space diagrams for 
quaternary systems such as Figs. 16, 19. In 
Fig, 11, it will be clear that in the case of the 
mixture of H on the tie-line aj, the ratio 
iij/iiA is the same as kl/ka, which relates to 
anhydrous salts alone. 




PHASE RULE: SEPARATION OF SALT SOLUTIONS. 


445 


Diagram Representation of Process 
Operations. 

The methods for representmg (iiagrammati- 
cally the equilibrium between solids and liquids 
have now been outhned very briefly. Such 
diagrams can be put to valuable use in many 
chemical processes which involve the separation 
of solids from liquids. The liquids resultmg 

AX BX 



from such separations known as “ mother- 
liquors ” are, of course, saturated with the 
solid which has been separated. A complete 
knowledge of the conditions under which 
different solids exist enables any one of them to 
be separated under those conditions most suit- 
able for ensuring purity and good volume yields 



Fig. 20. 

Preparations of the above-mentioned type 
usually include a number of well-known opera- 
tions — the prmcipal of these are as follows : 

(a) Change of temperature. 

(h) The mixing of sohds or hquids of different 
compositions. 


(c) Addition or removal of water. 

(d) Addition of solids, i.e., raw materials. 

(e) Filtration of separated solids, either the 

main product or a by-product. 

These operations can be represented on phase- 
equilibrium diagrams and it will be of advantage 
to illustrate them on these before proceeding to 
deal with typical problems. 


AX BX 



Change of Temperature. — In binary 
systems such as Fig. 31, change of temperature 
corresponds to an up or down movement such 
as the vertical line gh. In three -component 
systems, a space model is required to show 
temperature changes, but it is often convenient 
to superimpose curves for selected temperatures 
on the same diagram, such as has been done m 


A 



Fig 28. 


Fig. 30 for two isotherms. It will then usually 
be found that the complex may lie in different 
areas for different temperatures, and its be- 
haviour can be predicted accordmgly. With 
four- component systems it is impossible to show 
contmuous temperature changes even with a 
space model. It is sometimes convenient to plot 
two or more isotherms within the same model 
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and to project these as in Fig. 27. The amount 
of information which can be obtained from a 
diagram of this sort is very limited unless hori- 
zontal projections to show changes in water 
content are also made How ever, certain deduc- 
tions can be made, as for example : pomt P can 
yield sohd AX m a pure state if the water con- 
centration is kept within certain limits for the 
isotherm concerned, and similarly for point B, 


A 



Fig. 29. 

solid BY. Point Q, however, can yield either 
AX or BY if the water content and temperature 
are suitably adjusted. Insuflicient water will in 
all cases give complexes containing moie than 
one solid phase. 

Mixing of Complexes. — When operating 
with two-component systems it is usual to 
postulate mixing at constant temperatures 
8ince orthodox phase-equilibrium diagrams do 



Fig. 30. 

not show the effects of heat of dilution or heat 
of solution, it should be borne m mmd that it 
may be necessary to add or remove heat to keep 
the temperature unchanged. If m Fig. 31 
water at temperature is mixed with com- 
ponent A and the temperature kept constant, 
the resulting complex lies on the horizontal lino 
CD. A complex corresponding to a point such 
as j on this line is prepared by mixing water 
and A m the ratio jd to Jc. 


It is unusual in a diagram such as Fig. 31 to 
consider cases where the mixtures are jomed by 
an oblique Ime such as bf. The mixmg of two 
complexes having different temperatures can 
only be dealt with satisfactorily m a Merkel 
diagram in which concentration of components 
IS plotted against total heat content mstead of 
temperature. No difficulty then arises, but the 
consideration of such enthalpy diagrams is out- 
side the scope of the present article. 

If m a three-component system, e g , Fig. 29, 
we mix solution o with complex d and adjust 
the temperature to that of the isotherm, all 
mixtures will lie on the line joining o and d, e.gr., 
mixture e will be obtamed by mixing o and d in 
the proportion of ed/eo. Turnmg to a four- 
component diagram such as the reciprocal salt 
pair. Fig. 25, it is necessary to remember that 
this diagram shows only the ratios of the solids 
present in solution. If we mix complexes whose 
solids are represented by o and h, all mixtures 
lie on the straight line gh, but it is important to 
remember, in applying the “ proportion ” rule 



Fig. 31. 

which has already been given, that it relates only 
to the dissolved salts and not to the total com- 
plexes. The point k on the line gh represents a 
complex which can be prepared by mixing g and 
H so that the solids are in the proportion of kh 
parts of sohds g to kg parts of solids h. Even 
m the space model from which Fig. 25 is pro- 
jected, wo are faced with the same limitation 
when considering ratios of components. 

It IS of mterest to examine (Fig. 26) a vortical 
section of the space model tlnough the line gh 
of Fag. 25. This section cuts one-solid-phase 
curves of ternary systems at o and d and 
quaternary two-sohd-phase curves in B and F. 
In Fig. 26, the section is viewed in the direction 
of arrow r in Fig. 25 and it has been assumed 
that o is an unsaturated solution whilst ii con- 
tains solution and solid. 

Addition or Removal of Water. — 
It has already been stated that m binary systems 
such as Fig. 31, the effect of dilution is shown by 
a horizontal line moving to the water side of the 
diagram, and that the proportional rules apply 
In a three-component system, the addition of 
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water moves the complex in the direction of the 
water comer of the diagram, as showm in Fig. 28. 
Thus, solution c, when diluted to D, gives a com- 
plex lying on the line be. To reach this point 
D, we mix water and solution c m the proportions 
of DO/WD. 

Removal of water, of course, follows the 
opposite rule to addition of water. Solutions or 
complexes move in a straight lino away from 
water when the latter component is removed 
In two-component systems the line is horizontal ; 
m three-component systems evaporation lines 
radiate from the water comer, e.gr., wd in Fig. 30. 
In four- component systems, water changes can- 
not bo shown unless we have a horizontal view of 
the space model and it is essential to construct 
such projections when dealmg with a problem 
involving four- component systems. In the 
removal of water, there exists a special case m 
which water may be removed as ice for certain 
solutions below 0°o , €.<7 , solution k in Fig 29 
at the isotherm temperature will deposit ico and 
move to M. 

Addition of Solids, e.g., Raw Materials. 
— As with the addition of water, these are 
merely special cases of mixing in which the 
material to be added is usually represented by 
one of the corners of the diagram. A somewhat 
special case exists with the reciprocal salt pair 
where wo sometimes add, at the same time, 
equivalents of the incompatibles. These are 
represented by the intersection of the diagonals 
of the square projection, e g , point N in Fig 25 
Separation of Solids. — ^These follow the 
same rule as the removal of water — the complex 
composition moves in a straight line away from 
the sohd which is being separated by filtration 
or by other means, c y , in ternary diagram. 
Fig. 28, complex D may bo filtered to separate 
sohd B and solution E. 

A similar principle will apply in four- com- 
ponent systems, but agam this can only bo fully 
lopresented if one exammes horizontal as well 
as vertical projections of the space model. 

Principles of Application to Process 
Problems. 

Preparation of Salt Hydrates and 
Compounds. — The preparation of compounds 
in binary and ternary systems can theoretically 
be accomplished by bringing together the correct 
amounts of the components required to form a 
dry compound, provided that the operation is 
carried to completion at a temperature where 
the compound is stable. In practice, however, 
this method will seldom produce a compound 
of uniform composition with well-defined 
crystals, since the product wull be found to con- 
tain mclusions of one or other of the system 
components. The preparations are best earned 
out by crystallising the wanted compound from 
solution, either by cooling or by isothermal 
evaporation. If, in the bmary system. Fig. 2, 
we wish to obtain hydrate h, the procedure 
would be to prepare an unsaturated solution 
such as p and cool it to pomt o m order to 
crystallise the hydrate, leavmg a mother-liquor 
B, or to subject the unsaturated solution l to 
isothermal evaporation when it will deposit the 
hydrate as soon as the composition has moved to 


the right of E. In the case under consideration* 
it would be unwise to attempt to prepare h by 
cooling solution J because this w'ould pass 
through the saturated area of anhydrous B 
before entering that of the hydrate, and hence 
B would first precipitate and then decompose 
with the formation of H. This might leave the 
hydrate contaminated with a little of sohd B 
unless a very prolonged stirring of the compl(‘x 
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Fig. 32. 

were made. Having once obtained the hydrate 
and separated the corresponding mother-liquor, 
more water and solid B can be dissolved to 
obtain a further crop of the wanted hydrate. 
This operation can be repeated until accumula- 
tion of soluble impurities (if any) or loss of 
adhering mother-liquor with the crystals makes 
it necessary to correct the composition of the 
complex. Figs 43-46 show actual binary 


A 



Fig. 33 

systems exhibiting characteristics such as dis- 
cussed above and their use in the preparation of 
anhydrous or hydrated solid phases will be 
evident 

In three-component systems, e.g,, Fig 33, in 
order to obtain compound d it is necessary to 
prepare a complex, the composition of which 
corresponds to a point withm the area dfg. It 
is desirable, if possible, to dissolve all the con- 
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stituents. If this can be done at a higher 
temperature, then on coolmg to the temperature 
of the isotherm, the compound d will be precipi- 
tated and can be separated. As an alternative, 
isothermal evaporation, eg., of a solution on 
the hne we, can again be employed. In this 
case also, the mother-liquor may be used to 
dissol^je fresh raw materials and produce further 
amounts of d until impurities or adhering 
liquor on crystals make this impracticable. In 
Fig. 33, the compound d dissolves congruently, 
whilst in Fig. 34 it is mcongruent. In the latter 
case, care would have to be taken when consider- 
ing isothermal evaporation not to choose a start- 
ing liquor which could deposit B before precipi- 
tatmg D ; this case is analogous to the one 
previously mentioned for a bmary system. An 
example of a congruent double salt exists m the 
system Na 2 S 04 -(N H 4 ) 2 S 04 -H 20 at 25°c. 
(Fig. 47), and an incongruent compound, sodium 
sesquicarbonate, is to be found in the system 
Na2C03-NaHC03-H20 (Fig 48). 

Purification of Salts by Crystallisation. 
— This has much in common with the prepara- 
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Fio 34. 

tion of compounds which has been discussed m 
the last section, but it may often be simpler 
siniJO it may merely be a question of recrystal- 
lising one of the system components, e.g,, an 
anhydrous salt. The same general principles 
will apply, i.e., the salt must be crystallised 
under conditions which arc represented by the 
appropriate saturation area on the diagram. 
The necessity for recrystallisation implies the 
presence of impurities which have to bo removed 
— msoluble impunties will need to be filtered olF 
before recrystallisation and soluble impurities 
may be present to a sufl&cient extent to alter the 
solubility relations. Thus, in recrystallising a 
simple salt from an aqueous solution, soluble 
impurities can make the system mto one of three 
components mstead of two. Similarly, the 
recrystallisation of a ternary compound may 
involve four-component solubility data. It is 
hkely that any first operation m a recrystal- 
lisation series can be carried out without soluble 
impurities mterfermg seriously, but the re-use 
of mother-liquor to dissolve raw materials may 
eventuallj^ make it necessary to consider data 


relating to a system which also contains the 
soluble impurity as a component. The subject 
of accumulation of impurities will be discussed 
more fully in a later section. 

The Separation of Salt Mixtures. — The 
separation of solid mixtures into their consti- 
tuents IS a problem which presents itself from 
time to time. In some cases the separation can 
be accomplished by purely mechanical means 
which make use of the difference between the 
physical properties of the solids. Such a method 
may include sieving, flotation, magnetic separa- 
tion, elutriation, etc. Problems of the typo en- 
countered in mining engineering can be often 
solved by such methods. 

It frequently happens, however, that in the 
chemical industry the component parts of a 
salts deposit need separating or the product of 
a crystallisation requires to bo purified. 

In the case of a separation process based on 
phase equilibrium data, two components — often 
salts with a common ion — must first be con- 
sideied. The equilibrium diagram will be one 
of the types illustrated in Figs. 1-8, or m 
certain cases a combination of more than one of 
those types. The diagrams show the influence 
of temperature on the sohd and hquid states. 
If the system under consideration exhibits easily 
attamable “ melting ” points, a complete or 
partial liquefaction of the mixture can be carried 
out In the latter case, the system may contain 
a liquid and an excess of a pure solid. Such a 
case is shown in Fig 31, where the initial mix- 
ture is assumed to have the composition repre- 
sented by the vertical line ghk. It will be seen 
that the best that can bo done m this type of 
separation is to cool to the eutectic temperature, 
when the mixture will be separated mto the 
eutectic solution and the excess of whichever 
solid IS present Reference to Fig 3 will show 
that the existence of compounds between the 
components may make a limited separation of 
the type under consideration less attractive. 

With Figs. 4-8 (solid solutions), the separation 
of excess sohd by partial fusion becomes still 
less effective and usually almost impracticable. 

In order to get a good separation by usmg 
phase-equilibrium data it is customary to add a 
third component which is liquid over a reason- 
able range of temperatures and in which each 
solid component is soluble. The third com- 
ponent chosen is usually water, but of course it 
may be some other liquid. The equihbrium 
relations of ternary systems thus become in- 
volved. Reference to the simplest possible 
case (Fig. 32) will show that the addition of 
water to a mixture M may give either (a) solution 
and sohd A and sohd B ; (h) solution and solid 
B, or (c) unsaturated solution. The best separa- 
tion at a single temperature will be obtained if 
the ratio of water and m is adjusted to give an 
aqueous mixture represented by o, which will 
yield the maximum amount of B and leave the 
isothermal invariant solution e. This partial 
separation is little or no improvement on the 
fusion method already referred to. If, however, 
it is found that at another temperature the 
character of the isotherm changes as in Fig. 35, 
then the foundation of a two-temperature 
separation exists. The criterion for this type of 
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separation is that a change of temperature pro- 
duces a substantial change in the ratio of “ dis- 
solved salts ” (A and B) in the solution saturated 
with both of them. This can be illustrated in a 
diagram such as Fig 30, which shows the propor- 
tion of salts plotted against temperature. The 
salts composition of the principal solutions are 
shown on the line ab of Fig. 35, and the lettering 



Fia 35. 

is similar in Fig. 30. This will enable the 
relationship between the two diagrams to be 
seen 

In Fig. 35, the cold isotherm is shown by full 
hnes and the hot one by broken lines; the 
isothermal invariant points e and J contain the 
solid components A and B m differing propor- 
tions. When these conditions apply, the data 



can be used to work out the separation of a solid 
mixture such as M into its constituent amounts 
of A and B. It will be seen that the fixed point 
E lies within the complex area for A at the lower 
temperature so that on cooling solution E, solid 
A will be deposited leavmg a mother-liquor o. 
If to this latter liquor mixture M is added in such 
quantity that the complex reaches point n and 
VoL. IX.— 29 


this complex is stirred at the higher tempera- 
ture, then a quantity of B is left as a solid 
phase m equihbrium with liquor B of the com- 
position with which the process started. The 
series of operations just desenbed can, theoreti- 
cally, be repeated mdefinitely, though in practice 
there are certain hmitations which will be dis- 
cussed later. It will be noticed that these 



Fig. 37. 

operations have not involved any change in the 
water content of the solutions. 

Instead of the simple case illustrated in 
Fig. 35, a somewhat different one may occur, 
as in Fig. 37, where point e lies outside the 
complex space for solid A and its saturated 
solutions. When this happens it is necessary to 
add water to dilute the solution B to point o 
which hes on the Ime aj — ^it can then bo safely 



cooled to the lower temperature and will deposit 
solid A only, instead of a mixture of A and B. 
Having obtained the cold mother-hquor j, it is 
now necessary to evaporate the added water and 
reach d, which lies on an extension of the 
straight hne ae. The evaporated liquor d is 
now treated with sufficient of the mixture M to 
reach point h on the Ime bb. On stirring com- 
plex H m the hot, it yields solid B a4|i liquor B 
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with which the separation started. Thus, m 
Fig. 37, the five-sided separation cycle ecjdhe 
occurs instead of the triangular one eode of 
Fig. 35. It is interesting to use the method of 
Fig. 11 and re-plot Fig. 37 on a diagram in which 
the horizontal hne represents the pure solids and 
their mixtures, and w^ater is plotted vertically. 
This has been done in Fig. 38 and since the 
pomts have been similarly lettered no further 
explanation is needed. This alternative method 
of representation is important because li forms 
a hnk between separation m a ternary system 
and that in a quaternary system, which will be 
considered shortly. 

To sum up the conditions necessary for the 
separation of a binary salts mixture ( A+ B), it 
is essential that the ratio of A to B m the fixed 
pomts B and J should vary with temperature. 
If no such variation occurs, no complete separa- 
tion of A and B can be made from the given 
mixture M, although it may be possible to 
separate a portion of the component which, at 
any temperature, is in excess of the constant 
ratio A/B of the dissolved salts. 

Preparation of Salts by Double Decom- 
position. — This involves the “reciprocal salt 
pair ” t3q)e of four- component system, the 
simplest case bemg shown in Fig. 39 in which 
there are plotted projections of two isotherms 
for the equilibria involved m the reaction 
AY-fBX ^ AX-fBY. The representation 
follows the principles which have already been 
outlined (p 442a) and the projections show only 
the ionic ratios A/B and X/Y in the salts pre- 
sent. The water content, which is normally 
plotted vertically in space, has been omitted 
The case chosen is one of congruent solubility 
with respect to AX and BY. A space model 
showing full details of this system at the two 
temperatures concerned could be divided by a 
vertical plance AX-BY-HgO into twodistmet 
portions. The plane itself forms what is fre- 
quently described as a pseudo-ternary system. 
The representation of such a plane viewed in 
direction of arrow r is given in Fig 40 and it will 
be noted that this is very similar m character to 
the ternary diagram. Fig. 38 ; the only essential 
difference is that the mixture m is actually a 
point represented at the intersection of the 
diagonals in the square of Fig. 39. Since the 
plottmg IS m equivalents or gram-molecules, 
pomt M may represent either equivalents of the 
mcompatibles AY and BX, or of the compatibles 
AX and BY. Returning now to the pseudo- 
ternary system. Fig. 40, the mixture m is added 
to the process m the form of the mcompatibles 
and when equilibrium has been established it 
behaves as an equivalent mixture of the com- 
patibles which are the products of the double 
decomposition. Thus, the full scheme is to start 
with the cold mother-liquor, j, evaporate water 
bo point P, add sufficient of the incompatible 
equivalent mixture to reach pomt N, then stir 
this to equilibrium in the hot to produce a com- 
plex containing sohd AX and the mother-hquor 
K. AX IS filtered off and liquor K is diluted to 
pomt L, and, on coohng this diluted solution to 
the lower temperature, BY is precipitated and 
solution J of the initial composition is agam 
[ibtained. A cold mother-liquor such as J is 


often described as the “ nucleus hquor “ and 
theoretically the series of operations which have 
been described can be repeated to produce AX 
and BY from an equivalent mixture of AY and 
BX, and to keep mother-liquors J and K con- 
stant m composition and quantity. This is an 



ideal scheme which requires some correction m 
practice as will be discussed later. 

In Figs 39 and 40 a simple case has been con- 
sidered where the process solution can be 
expressed m terms of AX, BY, and HgO. The 
cycle is, however, not limited to such solutions, 
since a satisfactory separation can be made with 
solutions which also contain either the salt AY or 



the salt BX, provided that the concentration 
of either of these salts does not exceed satura- 
tion value at any stage in the process. A system 
such as that represented in Fig. 41 exhibits m- 
congruence and separations must always be 
made m solutions contaming AY as well as AX 
and BY. 

It will be evident that m cases where, owing 
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to incongruence or other consideration, the cycle 
solution contains a third salt as well as the 
compatible pair, it is no longer possible to repre- 
sent the operations on a vertical diagonal plane. 
In Fig. 41 it IS possible to follow some of the 
operations involved m the double decomposition, 
smce these no longer project on the AX — BY 
diagonal as with Fig. 39. If the process begins 

AX BX 



filtered off — thus completing the series of opera- 
tions. It will be understood that the order in 
which water is evaporated and raw materials 
added can be interchanged if there is any obvious 
advantage to bo obtained by doing so. A varia- 
tion which IS sometimes made in double decom- 



with the hot solution k, it is evident that solid 
BY and a cold mother-liquor J can be obtamed 
from it. Usually it will be necessary to dilute k 
before cooling it, but this operation can only be 
shown in a horizontal projection such as Fig. 42, 
which shows that it is necessary to add to k 
sufficient water to reach point l m order to arrive 



Fig. 42. 


position is to add the raw materials separately at 
different stages of the process. 

It will bo realised that m especially favourable 
cases it may be unnecessary to include the 
operations of dilution and evaporation in 
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Fig. 44. 


at liquor J on coolmg. The solid BY which is 
present is then separated and the dilution water 
is evaporated to reach pomt p — to this evapo- 
rated liquor the raw materials M are added in 
sufficient amount to reach N. On stirring this 
to equilibrium m the hot, solution k is reformed 
and solid AX which is now present can be 


four-component systems such as those dis- 
cussed. 

Examples of Cyclic Separation. 

The application of phase equilibria to the 
separation of salt mixtures has been briefly 
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described by A, Findlay and A. N. Campbell, 
“ The Phase Rule and its Applications,” 8 th ed., 
Longmans, 1938. In this book the authors 
derived much of their subject-matter from the 
paper of F. A. Frecth in a Leiden Thesis, 1924, and 



Rec. trav. chim. 1924, 43, 475 Freeth pre- 
sented equilibrium data for the quaternary 
system 

N aCl O4--N H4CI O4--N a aSOH N H 4) 2804“ H 2O 
at 25° and G0°o., and included the subsidiary 



ternary systems containing water and certain 
bmary salt groups from the above lost ; he also 
gave quantitative diagrams for separations based 
on the principles which have been discussed. 
Examples from Freeth ’s paper are given. 

Fig, 49 relates to a cychc separation of 


Na 2 S 04 and NH4CIO4, two salts which, al- 
though possessing no common ion, can, however, 
co-exist in aqueous solutions at 25°o. and 60°c. 
Freeth showed how the data for Na 2 S 04 - 
NH 4 CIO 4 -H 2 O could be used m a complete 
and quantitative separation of a 50/60% weight 
mixture of the two salts m question. The 
separation in its ideal state mvolves neither 



D S 4 = Na^SO^ SO^ 4 H 2 O 

Fig. 47. 

dilution nor evaporation. Referring to Fig. 49, 
the cycle involves the cooling of 60° liquor c to 
25°o. to yield pure NH 4 CIO 4 and a mother- 
liquor A ; the solid is separated and mixture M 
IS added to give tho magma b, which at 60°c. 
separates pure N 32804 and regenerates tho 
starting liquor c. In order to begin a cycle of 
this kind, it will be necessary to carry out a 
preliminary operation such as digesting some of 


NagCOg 



Fig. 48. 

the 50/50% mixture with water at 60°o. to yield a 
magma which represents 60°o. solution 0 and an 
excess of N 32804 , which is separated. The 
diagrammatic representation of the operation 
will be evident from the lettermg and arrows 
shown on the separation figures, which is an 
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irregular triangle within the main system equi- 
lateral triangle. The presentation of the quanti- 
tative aspect of this separation will be referred 
to later. 

It should be made clear that care has to be 
exercised in discussmg the separation of a 
“ pseudo-binary ’’ mixture such as 

Na 2 S 04 +NH 4 CI 04 . 



Before dealing with such a mixture it is essential 
to confirm that no double decomposition can 
occur in aqueous solutions m the temperature 
range available for separation treatment ; 
usually this would he between 0^ and 100°o. For 
a true binary mixture which has a common ion, 
a good example of a cycho non-diliition process 
can bo arranged for a KCI-j-NaCI mixture. 


KCI 



Fig. 60. 


This has been done in Fig. 50 for a 40% 
KCl/60% NaCI mixture,, employing the tem- 
peratures of 80° and 20 °o. for the separation of 
NaCl and KCI, respectively. 

Reverting to the paper of Freeth, a good 
example is given of a phase -rule separation of a 
bmary mixture where dilution and evaporation 
is needed in the “ like-ionio ” pair of salts, 
N H 4 C 1 04 + (N 144 ) 2804 . This IS illustrated in 



Fig. 51. 

Fig. 51, whore the separation figure is now 
in the form of an irregular pentagon instead 
of an inner triangle as abo m Figs. 49 and 
60. 

Another example involving a binary common- 
ion mixture with dilution and evaporation in- 
cluded, is outlined in the patent of Freeth and 
Cocksedge, B.P. 124513, 1919. This deals with 



Fig. 62. 


Blasdale (J. Ind. Eng. Chom. 1918, 10, 347) 
described the prmciples without presenting a 
cyclic quantitative scheme. The separation can, 
however, easily be constructed in the phase- 
equilibiia manner by using data given by 
Blasdale and others for the system KCI-NaCI- 
HgO. 


the recovery of KNO 3 from commercial sodium 
nitrate Though no quantitative examples are 
given in the patent, it can readily be illustrated 
from published data relating to the system 
-NaNOo-HgO, as has been done by 
m J.S.C.1. 1920, 45, 315t, and by Purdoii 
and ^Slater (op. cif.). A separation diagram, 


KNO3 

Hamid 
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employing the prmciple claimed by the authors, Freeth {Lc,). The solubility results show that 
has been given in Fig. 52, usmg 90°c. as the in the reaction ; 
separation temperature of NaNOo and 25°o. ^ 

forKNO,. (NH,),SO,+2NaCIO,^ 


Phase-equilibria separations which have been | 


Na 2 S 04 + 2 NH 4 CI 04 


NagClg 



(NH.LCL 


Fig. 53. 


represented in Figs. 49-52 are not limited to the | 
mixtures used as examples Any proportion of 
the two solids can be dealt with on the same 
principles, the effect being to modify the size and 


-1200 

A 15''C 

-1000 

A 

cl 

\ 

-800 / 

-600/ 

60° c 



-400^ 

\\ 


Fig. 54. 

shape of the inner separation triangle or 
pentagon. 

Examples Involving Double 
Decomposition. 

Actual examples of cychc phase-rule processes 
involvmg double decomposition mclude that 
involved in the sulphate-perchlorate systems of 


Na SO compatible salts are ; 

"" NagSO^ and NH^CIO^ . ( 2 ) 

y and the mcompatibles are 

(NH 4 ) 2 S 04 and NaCI 04 . (3) 

In considering a process based on re- 
action (1), the incompatible salts (3) 
become the reactants or raw materials, 
and the compatible salts ( 2 ) are the re- 
sultants or products. 

If, m Fig. 49, the 50/50% weight mixture 
m replaced by an equivalent mixture of 
Na 2 S 04 and NH 4 CIO 4 , the separation is 
unaffected m principle It is also possible 
to substitute for the equivalent mixture 
of Na 2 S 044 - N H 4 CIO 4 equivalents of 
(NH,),S 04 and NaCI 04 and feed these 
as raw materials to a cycle similar to Fig. 
49, obtaining the products Na 2 S 04 and 
\ NH 4 CIO 4 at 00° and 25°c , respectively. 
NH ) SO 23, Frecth’s data have been 

^ plotted to show the form of the two 
isotherms. In Fig. 24 the vortical diagonal 
plane has been projected m the direction 
the of the arrow m Fig. 23. In this projection are 
11 of shown the operations involved in separating 
anic equivalents of NH 4 CIO 4 and N 33804 from a 
and process receiving equivalents of (NH 4 ) 2 S 04 
and NaCI 04 . 

Another double decomposition treated in 
this manner is described by Freeth and 
Cocksedge in BP. 26263, 1909, and 86 , 
1910. This deals with the reaction • 

{NH 4 ) 2 S 04 + 2 NaCI ^ 

2 NH 4 CI+Na 2 S 04 , 

again a scheme where no dilution or 
evaporation is needed in the ideal state. 
The separation temperatures in this case 
are 60°c for N 33804 and 15°c for 

NH 4 CI. 

An example from B.P. 80, 1910 has been 
^iven in Figs 53 and 54, which show the 
cyclic process operations 

Separations in reciprocal salt-pair 
schemes where dilution is required, 
include the preparation of KNO 3 and 
NaCI from NaN 03 and KCI This well- 
\ known process can be put on a cychc basis 

by using solubility data (W. Remdors, Z. 

^ anorg. Chem. 1915, 93, 203 , M. A. Hamid, 

(NH,)^SO^ J.S.C.1. 1926, 45, 315). 

+ NajSO^ Probably the best example of the m- 
dustrial appheation of phase -equilibria 
methods to a double decomposition is the 
or reaction between (N 144)3804 and NaNOg to 
produce NH4NO3 and Na 2804 . Freeth and 
Cocksedge (B.P. 12401, 1915 ; Chem. Met. Eng. 
1919, 20, 320, 401) developed this process for 
the large-scale production of NH4NO3 m 
sses Britam and America during the First World 
ihat War. The presence of a number of double salts 
8 of added to the difficulties which were encountered 




PHASE RULE- SEPARATION OF SALT SOLUTIONS. 


455 


in placing this process on a firm manufacturing 
basis. This process separated N 33804 m the 
hot (60°c.) and NH4NO3 was crystallised after 
dilutmg the N 33804 mother-liquor and coolmg 
to an average temperature of 20®c. (see Figs 
55 and 56). 

An interesting improvement based on (NdN03)2 
phase equilibria was subsequently claimed 
by Freeth and Cocksedge, B.P. 149095, 

1920. This involved the reduction of the 
N328O4 content of the •NH4NO3, 

N3NO3, N 3380 4 solution remaining 
from the double decomposition, by the 
addition of calcium sulphate to precipitate 
glauberite (C3804,N33S04), a compound 
which can exist in equilibrium with 
aqueous solutions which are un saturated 
with N33SO4. The reduction of the 
N328O4 content of the process hquor 
enabled better volume yields of NH4NO3 
to be obtained. 

Other examples include the preparation 
of calcium nitrate and sodium chloride 
from calcium chloride and sodium nitrate 
(J. G. Gilbert, BP. 124780, 1916). In 
this case, N3CI is removed in the hot and 
Ca(N 03)2,41430 crystallised after dilut- 
mg and cooling 

A recent process developed by phase- 
equilibrium methods is that of Canadian 
Industries, Ltd., for the preparation of 
sodium sulphite and ammonium chloride from 
ammonia, sulphur dioxide, and sodium chloride 
(K. R. J. Cooke, Chem. Trade Journal, June 
8th, 1945, p. 605; Canadian Chemistry and 
Process Industries, April, 1945, p. 221). 

Among the more complex systems which 
have been studied m reference to “ salt ” 
formation is the notable senes by J. H. 
van’t Hoff and others in order to ex- 
plain the formation of the oceanic salt 
deposits. 

Another investigation is that of J. E. 

Teoplo, “ The Industiial Development of 
Soarles Lake Brines,” New York, 1929 
In this monograph, Teeple describes the 
results of studies on many system com- 
binations containing the 10ns N3-, K , Cl', 

CO3", HCO2', SO4", and BO3'". The 
prmcipal aim of Teeple’s work was the 
production of KCI and borax from the 
lake liquor containing all the ions referred 
to above 

In addition to publishing his solubility 
results and discussing them, Teeple re- 
ported their successful application to the 
manufacturmg scale. He did not, how- 
ever, discuss the process in detail, but 
merely referred to it m general terms. 

Flow sheets (not quantitative) for the +<^^'^03)2 
Searlcs Lake processes appear in Chem. 

Met. Eng., Oct. 1945, p. 134. 


Reference has been made to the separation 
figure within an equilibrium diagram. This is 
bounded by lines which represent the change of 
solution or sohd compositions during each opera- 
tion. Since each individual movement of com- 


(NH,NO, 



(NH.),SO. 


Fig. 55. 


position depends on the amount of solids or 
water added, or removed at different points m 
the process, the size of the separation figure 
relative to that of the appropriate solid plus 



(NH^IjSO^ 


Fig 56. 


Flow Sheets fob Materials Balance. 

It will be appreciated that an ideal separation 
scheme involves no wastage of salts or their solu- 
tions, since a “ cold ” mother-hquor is usually 
kept within the process and used to dissolve 
more “ raw material ” either partially or com- 
pletely. 


solution areas of the two isotherms, is an illus- 
tration of the efficiency from the standpoint of 
volume yields, and the amount of evaporation 
necessary per unit of the product. Some pro- 
cesses are chemically possible but the volume 
yields are too poor to make them economically 
attractive Although^it is difficult to generahse 
on this point, a yield^may be considered satis- 
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factory if it is of the order 150-200 kg. of solid 
per cubic metre of liquor. 

In the preceding discussions on the separation 
of salts from mixtures, and the products of 
decompositions, the various operations have 
been descnbed with reference to diagrams. It 


will be clear that theoretically the mother- 
liquors from the separated products will remain 
constant in composition and quantity, and in 
these ideal cases can contmue to bo returned to 
the process. Schemes of this type are usually 
called cyclic processes. It is well to note two 


FLOW SHCCT I SePASATION OF KCl ~ N»Cl MIXTURE 

KCl SgPASATED AT NaCI SEPARATKO AT 80*‘ No DIUUTION OR EVAPOPATION See Fl6 50 



Flow Sheet 1. 


Plow anegT 2 sipaaation Or KNOs and NaN09 Mixturc 

KNO a SePAAATCO AT 2S*^ ANO Nt NOa AT 90*^ Dilution And Evaporation Includco Ske Tig 52 



Flow Sheet 2. 


main characteristics of processes of this type 
wlpch may seem rather obvious but which are 
sometimes overlooked ; 

1. The total stocks of liquor in a process work- 

ing at a constant output will remain 
steady. 

2. Everything which is introduced into the 

process as raw material will also ulti- 
mately appear as an equal weight of 
product or by-product. 


The separation of salts in systems of three or 
four components can often with advantage be 
set out m “ flow sheets.” These form an excel- 
lent supplement to the phase-equilibrium separa- 
tion diagram concerned, and they also enable 
exact material balances to be worked out for the 
schemes under consideration, and enable one to 
observe the two main principles which underlie 
the cyclic processes. The use of a flow sheet can 
best be followed by actual examples illustrating 
the separations which have been shown diagram- 
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matically. The ideal flow sheets, Nos. 1-4, 
showing the material balances, have been 
labelled similarly to the corresponding diagrams 
in order to make cross-reference easy. 

It will be understood that the flow sheets so far 


considered relate to ideal processes with perfect 
material balances — ^these do not, of course, exist 
m practice and some of the disturbing factors 
will be considered later. Ideal flow sheets do, 
however, enable comparisons to be made 


FLOW SKSET 3 PoUBLg OECOMPOSITION QP SO ^ ANO NtCl TO VlCUP 

Nt J ^4 AT 60**^ AND NH ^ Cl AT 15 ^ HQ DILUTION OS EVAPORATION SEE TlG. 53 ano 5* 



Flow Sheet 3. 
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Flow Sheet 4. 


between different schemes, and they form the 
basis for flow sheets which approach more nearly 
to manufacturing conditions, where allowance 
has to be made for the mfluence of a number of 
other factors, including the time taken to reach 
equilibrium conditions. 


Flow Sheets for Manufacturing 
Conditions. 

The variations in the ideal cycle which are 
necessary under actual manufacturing con- 
ditions are duo to a number of disturbing factors. 
In the following paragraphs the mfluences which 
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have to be reckoned with in a working process 
are discussed. 

1 . The Need for a Safety Margin with respect 
to Unwanted Constituents, — In order to ensure 
maximum volume yields m an ideal cyclic pro- 
cess it IS usual to choose as mother-liquors at 
least one solution which is saturated with two 
or possibly three salts, but the extra salts should 
not be present in excess, otherwise they will 
contaminate one of the produets. In order to 
lirovent the inevitable plant fluctuations from 
causing an appearance of unwanted solids with 
the products, some or all of the followmg modifi- 
cations may be made ; 

(а) Less raw materials may be introduced in 

each cycle giving reduced yields of 
products. 

(б) The mixture before the “ hot ” separation 

may be super-heated beyond its normal 
temperature. 

(r) Two-stage counter current working can be 
employed to obviate the risk of un- 
reacted raw material rcmaming with 
the product. 

(d) In order to prevent impurities appcarmg 
on cooling, this operation may be 
stopped before the lower temperature 
limit 18 reached, or a little dilution and 
subsequent evaporation can bo mtro- 
duced. 

2. Correction for Motherdiquor adhering to 
Products. — In an ideal process it is assumed that 
the products are completely separated fiom the 
corresponding mother-liquor. In practice this 
IS impossible, for a filtered product may retain 
adhering mother-liquor equal to 20-40% of its 
weight, while a centrifuged solid may contain 
3-10% of adhering liquor. If impure products 
are satisfactory the only correction needed is 
the addition of sufficient components to replace 
the lost liquor. In general, however, the 
adhermg liquor must bo washed from the moist 
solids; the corrections then depend on the 
method of disposal of washings. If these can 
bo wasted, it is again only a question of re- 
placing lost liquor. If, as happens in most cases, 
the washings contain a component which must 
be recovered, it is noce.ssary to reintroduce the 
washings at some suitable place or places m the 
cycle, then to evaporate in order to restore the 
water balance. It will be realised that correction 
has also to be introduced for the loss of yield 
due to dissolvmg a small proportion of the pro- 
ducts by the wash water. 

3. Method of Disposal of Washings — If it is 
assumed that a product containing adhering 
mother-liquor has been washed with water, it is 
evident that the composition of the resulting 
wash liquor can itself be expressed in terms of 
dissolved product+ mother-liquor-i- excess H gO . 
If the excess HgO is evaporated and the mixture 
brought again to the separation temperature, 
a mixture of sohd-f mother-hquor results which 
can be returned to the magma for the mam 
separation. Hence the ideal method for the 
disposal of washings which have to be returned 
to the process, is to have two evaporators which 
remove the excess water from the product and 
by-product washings, respectively, and to return 


the evaporated complex to the corresponding 
magma before fugallmg. If, for economic or 
other reasons, the washings are mixed and fed to 
one evaporator, some correction to the cycle 
becomes necessary in order to keep the products 
pure. 

It is not suggested that any rigid method for 
the disposal of washings should be followed; 
variations can bo introduced so long as they do 
not involve the contamination of the products. 
The first washings are mainly mother-liquor and 
would contain very little dissolved product. 

4. Impurities in Raw Materials, — These may 
be either soluble or insoluble in the process 
liquors. In the latter case all the insoluble 
matter will appear with the first product 
obtained after the mtroduction of raw materials, 
unless some provision can bo made for filter 
pressing before the hot separation. 

The influence of soluble impurities introduced 
with the raw materials depends on their nature 
If the impurities aie readily soluble in the plant 
liquors, they will accumulate and some time 
may elapse before they appear in the product, 
but whether extremely soluble or only sparingly 
so, they will sooner or later appear in one or 
both products, because a balance must eventually 
be established between impurities entering and 
those leaving the cycle This state of affairs 
could occur in one of two ways : (a) the mother- 
liquor of one or both products coujd become 
saturated with the impurity and cause the latter 
to be precipitated with the products, or (6) with 
a very soluble impurity and a process in which 
the products are not w^ashed, or one in which the 
washings are rejected, it is possible that the 
adhering mother-liquor or the washings con- 
tainmg it would carry out of the process a 
quantity of impurity equal to that entering. 

If pure products are required and if it is pro- 
posed to return wash liquors to the cycle, the 
elimination of soluble impurities can only be 
carried out by the regular or occasional rejection 
of a small amount of the plant liquor. The loss 
of dissolved salts entailed thereby will have to 
be made good by the addition of extra raw 
materials and an adjustment made to the 
amount of water to bo evaporated. 

It will be evident that soluble impurities may 
accumulate to an extent sufficient to modify the 
solubilities of the products, and therefore a 
working flow sheet will require some correction 
on this account. This is a point which can be 
best dealt with as analytical results of a series of 
cycles become available. 

In certain favourable cases it may be possible 
to return the “ rejected ” hquor to the mam 
process after subjecting it to a treatment which 
will remove a substantial amount of an accumu- 
lated impurity. Such treatment might simply 
be a precipitation, eg sulphate by a barium 
salt or magnesium by calcium hydroxide. On 
the other hand it might involve a subsidiary 
fractional crystallisation based on solubihty data. 

5. Metastable Equilibria, — A feature of eertain 
systems is their liability to produce metastable 
solutions, e.gf., in the binary systems CaCIg-HaO 
and Na 2 C 03 -H 20 it is possible, with care, to 
I follow a hydrate solubihty curve beyond its tran- 
I sition point, or to produce clear supersaturated 
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solutions whose compositions are intermediate 
between a stable and a metastable solubility 
curve. It is usual, m process working, to avoid 
such metastable solutions, though cases do 
occasionally occur where the metastability per- 
sists for a longer time than that required to per- 
form some process operation, e.g., filtration to 
remove suspended matter. In such cases, the 
metastability can be put to good use. Extreme 
care is however necessary when decidmg whether 
metastability can be permitted at any point in a 
process. 

6 Time Factor. — The factor of which no ac- 
count can be taken in calculating flow sheets is, 
as already stated, the time required to bring 
complexes to equilibrium or to carry out certain 
process operations. The effect pf this in a work- 
ing process is to make it essential to provide 
vessels, etc , of sufficient capacity to allow for 
the time factor and to store sufficient liquor to 
permit a process to be worked smoothly. This 
IS essential even with batch working and becomes 
still more important with contmuous working. 

L. M. H. 

PHELLANDRAL, 


HgC 

I 

H^C 


CCHO 

CH, 


CH CHMe^ 


b.p. 15^11 5 mm , q 9445, Wp 1 4897, [a]p 
-f 116 2°, —160 2°, senucarbazone, m p. 204-205°, 
oximCy m.p. ST, phenylhydrazone, m.p. 122-123°, 
p-mtrophenylhydrazone, m.p. 174-175°, 2:4- 

dinitrophenylhydrazone, m p. 201". /-Aldehyde 
occurs in water-fennel oil (from Fooniculum vul- 
gare) and eucalyptus oils , d- in elemi and cinna- 
mon oils. 

J. L. S. 

a-PHELLANDRENE, 


CMe 

II I 

HC CHjj 


b p 39°/4 6 mm., pf 0 8324, 1 4724, [a]p 

— 177-4°, a-nitrosite, m.p. 121°, [a]p +142 6°, 
p-nitrosite, m.p. 105-106°, [a]p —160°. Occurs 
widely distributed m essential oils, more 
especiallv m eucalyptus oils. 

J. L. S 

)8-PHELLANDRENE, 

CCH, 


H.C 


CH 


II 

CH 




CH CHMeg 


b.p. 171-172°, 57°/ll mm., p 20 0-8520, 
1*4788, [a]p +65 2°, —51*9°, a-niirosite, m.p. 


102-103°, p'Tiitrosite, m.p. 97-98°, nitroso- 
chloride, m.p. 106-107°. Occurs in many 
essential oils. 

J. L. S. 

PHEMITONE. N- Methyl - 5 - phenyl - 5 - 
othylbarbituric acid. “ Promxnal'' Hypnotic 
and sedative, used in treatment of epilepsy. 
B.P. Add. Ill; B.P.C. Supp. Ill (v. Synthetic 
Drugs). 

S E. 

PHENACETIN. Aceto - p - phenetidido. 
Antipyretie and analgesic. B.P., B.P.C. (v. 
Synthetic Drugs). 

S. E. 

P H E N AC I T E . A beryllium silicate mineral, 
6628104 , containing BeO 45-6% It usually 
occurs as crystals of rhombohedral form or as 
hexagonal prisms capped by a rhombohedron, 
and IS so named on account of its having been 
mistaken for quartz. Phenacite has an imper- 
fect prismatic cleavage and conchoidal fracture, 
whilst its great hardness (7^-8) is of diagnostic 
value ; p 3-0. Colourless, white, sometimes pale 
red or bright yellow; lustre vitreous. It is a 
rare mineral, normally found in pegmatite veins 
associated with granite, and is often accom- 
panied by topaz, beryl, and apatite Phenacite 
IS occasionally cut as a gemstone, and its high 
beryllium content makes it a valuable potential 
source of that metal. 

D. W. 

PHENANTHRENE. Although the pres- 
ence in coal tar of a hydrocarbon isomeric with 
anthracene was recognised as long ago as 1872 
(Fittig and Ostermayer, Ber. 1872, 5, 933 ; 
Annalen, 1873, 166, 361 ; Grabe, Ber. 1872, 5, 
861, 968 ; Annalen, 1873, 167, 131) the chemistry 
of this compound, phenanthrene, and its deriva- 
tives, has been largely investigated during the 
last twenty years. This greatly increased 
interest in phenanthrene chemistry can be 
attributed to the discovery of a large number of 
naturally occurring compounds possessing a 
phenanthrene ring system m the molecule; 
these include the sterols, sex hormones, cardiac 
glycosides, bile acids, alkaloids of the morphine 
and apomorphme groups, etc. The need of 
identifymg degradation products oi these natuial 
compounds and also of preparing suitable start- 
ing materials for attempted syntheses has given 
a great stimulus to the study of phenanthrene 
chemistry. 

Isolation and Purification. 

Phenanthrene is found in the anthracene-oil 
fraction of coal tar ; it is more soluble in organic 
solvents than its isomer and this fact is utilised 
in its isolation. The crude anthracene is ex- 
tracted with crude coal-tar solvent naphtha and 
that part of the sohd which is readily soluble is 
used for the production of phenanthrene High 
boiling phenols are removed by extraction with 
caustic soda solution and acridine by means of 
sulphuric acid solution. Fusion with a mixture of 
sodium and potassium hydroxides frees the pro- 
duct from carbazole and diphenylene oxide 
After distillation, that portion easily soluble in 
coal-tar naphtha is freed from any loss soluble 
impurities by crystallisation from 95% alcohol 
(Clark, J. Ind. Eng. Chem. 1919, 11, 204 ; Wense, 
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Ber. 1886, 19, 761 ; Kraemer and Weissgerber, 
ibid. 1901, 34, 1665, G.P. 130679; B.P. 5047, 
1901) 

The separation of pure pheiianthrene cannot 
bo achieved by crystallisation alone. This pro- 
cess yields a material, m.p. ca. 102-115° (m.p. 
101° when pure), which stifl contains appreciable 
amounts of anthracene, carbazole, and fluoreno. 
With these substances phenanthrene forms 
mixed crystals with higher melting-points than 
that of the pure hydrocarbon (Pascal, Bull. 
Soc. chim. 1921, [iv], 29, 644). 

In mixtures of anthracene and phenanthrene, 
the former is more easily oxidised. As phen- 
anthrene can readily be separated from anthra- 
quinone by extraction with a solvent, such as 
85% alcohol, in which the quinone is only very 
slightly soluble, this constitutes a good and con- 
venient method of purification The oxidation 
may be effected with nitric acid (Schmidt, Ber. 
1874, 7, 205; J. pr. Chem 1874, [li], 9, 256; 
Cohen and Cormier, J. Amer. Chem Soc. 1930, 
52, 4363) in which case some dinitroanthra- 
quinone is formed, or with chromic acid in glacial 
acetic acid (Anschutz and Schultz, Annalcn, 
1879, 196, 35 ; Mortimer and Murphy, Ind. Eng 
Chem. 1923, 15, 1140; Bachmann, J. Amer. 
Chem. Soc. 1935, 57, 655). In order to ensure 
the removal of the last traces of anthracene, a 
solution of the purified hydrocarbon in nitro- 
benzene IS boiled with maleic anhydride (Clar, 
Ber 1932, 65 [B], 1 146) which reacts with 
anthracene but not with phenanthrene Final 
purification of phenanthrene required for hydro- 
genation experiments is effected by heating 
with sodium at 200° and distilling. The sodium 
removes traces of a sulphur compound. 

Other industrial methods of separating phen- 
anthrene include the use of selective solvents 
with temperature and time control (Wilton and 
Priest, B P. 546524 ; Gorelik and Taicher, 
Russ. P 68326) and by the preferential sul- 
phonation of impurities (Glusmann and Krasso- 
witzkaja, Russ. P. 43418) 

On a small scale it is often convenient to effect 
purification of phenanthrene in the form of its 
molecular compound with picric acid. The 
hydrocarbon can be recovered by distribution 
between aqueous ammonia or soda solution and 
ether (Limpricht, Ber. 1873, 6, 632) 

Phenanthrene of high purity is stated to be 
produced by treating the dibromide with zinc 
dust (Price, Arntzen, and Weaver, J. Amer. 
Chem Soc. 1938, 60, 2837). 

Leopold has utilised the selective hydro- 
genation of impurities to obtain a product of 
m.p. 99-100° (Compt rend. 1940, 211, 226). 

The methods of estimating phenanthrene are 
based on its oxidation with iodic acid in glacial 
acetic acid solution to give phenanthraqumone. 
The latter may then be precipitated with 3:4- 
tolylenediamme and weighed as toluphen- 
anthrazine (Williams, J. Amer. Chem. Soc. 1921, 
43, 1911 ; cf, Khmelevskii and Postovskii, Org. 
Chem. Ind. (Russ ), 1937, 4, 363), a correction 
being applied to allow for the slight solubility of 
the precipitate. Alternatively an aqueous solu- 
tion of the bisulphite compound of the quinone 
may be converted into the quinoxaline denvative 
(Khmelevskii and Levin, ibid. 1940, 7, 241). 


The amount of anthracene in a specimen of 
phenanthrene may conveniently be determined 
by the fluorescence spectrum (Hirshberg and 
Bergmann, Chem. and Ind. 1939, 823). 

Colour reactions have been described for the 
detection of impurities m phenanthrene (Price, 
Arntzen, and Weaver, l.c ). 


Peepaeation of Phenantheene and 
Deeivatives. 


Several syntheses of phenanthrene exist, but 
none is applicable to the industrial preparation 
of large quantities of the material. 

Numerous methods have been developed for 
the preparation of derivatives of phenanthrene 
and a few are of such general applicability that 
they will be briefly described. 

1. Pschorr Synthesis (Pschorr, Ber. 1896, 29, 
496). — o-Nitrobenzaldehyde and phenylacetic 
acid are condensed and the resulting o-nitrostil- 
beno carboxylic acid is converted via the ammo 
compound into the diazonium salt which cyclises 
on treatment with copper powder. Decarb- 
oxylation of the product gives phenanthrene. 



Substitution products of both staiting 
matenals can be employed for the production of 
a wide variety of poly substituted phenanthrenes. 

2. Haworth Synthesis (Haworth, J.C S. 1932, 
1125; Haworth, Mavin, and Sneldrick, ibid. 
1934, 454). — Succmoylation of naphthalene at 
low temperature in nitrobenzene solution in the 
presence of aluminium chloride gives a separable 
mixture of the 1- and 2 -derivatives which on 
Clemmensen reduction give the y-arylbutyric 
acids. These can be cychsed by treatment with 
85% sulphuric acid, an alkyl group introduced 
by a Grignard reaction, and the product de- 
hydrated and dehydrogenated to give an alkyl- 
phenanthrene as shown in the following partial 
formulse . 
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In a variation of this method the alkyl group 
js introduced by a Gngnard reaction on the 
ester of the naphthoylpropionic acid. The un- 
saturated acid thus obtained is hydrogenated 
and oyclised The synthesis is completed by 
reduction and dehydrogenation. 



Methylsuccmic anhydride can be used, in 
which case condensation occurs at the less 
hindered carbonyl group, ^ e , that which is 
farther removed from the methyl substituent : 

\ Me CH CO 

1 + I \o -> 


CO 



Substituents may also be introduced by carry- 
ing out the malonic acid synthesis on a-bromo- 
ketone derivatives of naphthalene. The starting 
materials are obtained by brommating the 
ketones prepared by the Fnedel-Crafts reaction. 




3. Bardharir-Sengupta Synthesis (Bardhan and 
Sengupta, ibid, 1932, 2520, 2798). — In the 
simplest example of this synthesis, j3-phenylethyl 
bromide is condensed with the potassium deriva- 
tive of cycZohexanone-2-carboxylio ester. Alka- 
line hydrolysis of the product is accompanied by 
decarboxylation. The ketone thus obtained is 
reduced to the alcohol, which on heating with 
phosphorus pentoxide in a vacuum undergoes 


dehydration and cyclisation. The final stage in 
the S 3 mthesi 8 consists m dehydrogenation with 
selenium. 


CHoBr 



Substitution products of both the starting 
materials are readily available and hence the 
synthesis is capable of wide variation. 

A synthesis similar to, but simpler than, the 
preceding has been devised by Perlman, David- 
son, and Bogert (v. Science, 1933, 77. 298). 

Properties of Phenanthrene. 

When pure, phenanthrene exists in colourless 
monochmc scales (m.p. 101? ; b p. 332°) which 
are msolublo in water but readily soluble in most 
organic solvents, giving a blue- fluorescent solu- 
tion. The absorption and fluorescence spectra 
of phenanthrene have been extensively in- 
vestigated (inter aha, Johnson and Mathews, 
J. Amer. Chem. Soc. 1944, 66, 210 ; and Bowen 
and Sawtell, Trans. Faraday Soc. 1937, 33, 
1425). Molecular compounds are formed with 
a large number of substances and these are often 
useful for purposes of identification (e.gr., picrate, 
m.p. 145°). 

On the basis of the Fries rule, the bond struc- 
ture (I) contammg three normal Kekul6 rings, 
would be expected to be the most stable state 
of the molecule. From a consideration of the 
five possible valence-bond structures, each of 
which may be expected to contribute to the 
normal state of the molecule, L. Pauling, 
“ Nature of the Chemical Bond,” Cornell Uni- 
versity Press, 1944, p. 142, has associated with 
the various Imkages the amounts of double bond 
character shown m (II). It will be seen that the 
9:10 bond is stated to approximate to an ordmary 
ethylenic bond and this is amply confirmed by 
the chemical reactions of phenanthrene. 

Phenanthrene can give rise theoretically to five 
monosubstitution products and no less than 
twenty-six disubstitution products. As many 
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phenanthrene derivatives exhibit marked ten- 
dencies to polymorphism, the formation of 
supersaturated solutions and of mixed crystals, 


0 10 



II 


the separation of mixtures of products is often 
very difficult. 

Reaction with Halogens. 

Bromine combines readily with phenanthrene 
m cold carbon tetrachloride solution to give the 
9 \0-dibromide (m p. 98°). The mechanism of 
this addition reaction, which is stated to proceed 
by a chain mechanism oven in the dark, has been 
investigated in considerable detail (Fieser, Price 
et al,, J. Amer. Chem. Soc 1936, 58, 1834, 1838, 
2101, 2163 ; Lauer and Oda, Ber 1936, 69 [B], 
978 , Kharasch, White, and Mayo, J, Org Chem. 
1938, 2, 574). The dibromide on heating at its 
meltmg-pomt readily loses hydrogen biomido 
and is converted to d-broinophenanthrene (m p 
63°) (v. inter al. Eittig and Ostermaycr, Annalen, 



1873, 166, 363 ; Austm, J.C.S. 1908, 93, 1760), 
which, as a consequence of this reaction, is one 
of the most readily available derivatives of the 
hydrocarbon. 

By employing 2-3 molar proportions of 
bromine and by carrying out the bromination at 
varying temperatures, a number of dibromo- 
phenanthrenes have been prepared (Henstock, 
ibid. 1923, 123, 3097). 

Reaction with chlorine gives either the 9*10- 
dichloride (m.p. 160°) mixed with the d-chloro- 
compound or the 9: 10-dtc^/oro- compound (Sand- 
qvist and Hagehn, Ber. 1918, 51, 1516). In the 
presence of halogen carriers, the 9 10-cZi- (Schmidt 
and Ladner, ibid, 1904, 37, 4403) and the 2 9*10- 
tri-chloro- (Schmidt and Schall, ibid. 1906, 39, 
3892) derivatives are obtained. 

Hydrogenation. 

9.10- Dihydrophenanthrene (m p. 35°) can be 
prepared by the chemical reduction of the 
hydrocarbon, e gf , by the action of bromine in 
cold acetic acid solution (Henstock, J.C S. 1921, 
119, 1462) or of sodium and boiling amyl alcohol 
(Schmidt and Mezger, Ber. 1907, 40, 4240). A 
variety of catalytic methods have also been in- 
vestigated and the derivative may conveniently 
be prepared (90%) by hydrogenation in the 
presence of nickel at 200° (idem, ibid ) or the 
copper chromite catalyst (Burger and Mosettig, 
J. Amer Chem. Soc. 1936, 57, 2731 ; 1936, 58, 
1857). The further hydrogenated derivatives 
of phenanthrene are best obtained by employing 
the Raney nickel catalyst under suitable con- 
ditions (Durland and Adkins, ibid 1937, 59, 135 , 
1938, 60, 1501) which are summarised below in 
graphical form : 
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Sulphonation. 

The positions that are favoured in the sul- 
phonation of phenan throne are 2, 3, 0,^and 7, 
/ e.f those points corresponding to the /3-positions 
in the naphthalene rings The yields of the 
monosubstituted phenantlirenos obtained with 
96% sulphuric acid at 60° and 120° are shown 
diagrammatically below : 



The reaction mixture resulting from sulphona- 
tion at 60° has also been shown to contain the 
2 6-, 2 7-, 2 8-, 3.6-, and 3 S-dtsulphomc acids 
From the product of sulphonation at 120°, the 
2-acid is isolated as the sparingly soluble barium 
salt and the 3-acid by ciystallisation of the 
potassium salt. The yield of the 2 -sul phonic 
acid decreases with increasing time of sulphona- 
tion, e g,, sulphonation with 2 mol of concen- 
trated sulphuric acid for 3 hours gives 25% of 
2- and 27% 3-phenanthrenesulphonic acid. By 
increasing the time of reaption to 4 hours the 
yields of the acids are 18 and 27% respectively 
It IS noteworthy that the 1- and 9-acids do not 
appear among the products of sulphonation at 
120 °. 

The monosulphonic acids may conveniently 
be characterised as their p-toluidme salts, which 
crystalhso well and have sharp , melting-points 
(Fieser, J. Amer. Chem. Soc. 1929, 51, 2460, cf 
Fieser and Young, ibid, 1931, 53, 4124 ; Dermer 
and Dermer, J. Org. Chem. 1942, 7, 581). 

At the higher temperature of reaction, disul- 
phonation occurs very readily and in fact ac- 
counts for about 40% of the phenanthrene used 
Disulphonic acids, however, accompany the 
monosulphonic acids even when phenanthrene 
is mcompletely sulphonated at room tempera- 
ture (Fieser, Z c ). 

Further sulphonation with concentrated sul- 
phuric acid at 120-130° of either the 2- or 3- 
monosulphonic acid gives a mixture of products 
arismg from further substitution at the 6-, 7-, 
and 8-positions The second sulphomc acid 
group IS found to occupy the 6-position to a 
large extent. Further substitution in the same 
ring and attack at the 5- and 9- (lO-)positions 
do not occur. 

Ioffe (Org. Chem. Ind. Russ 1940, 7 , 374) has 
developed a method for the sulphonation of 
phenanthrene in the molten state with 92-94% 
sulphuric acid; 2- and 3 -phenanthrene sul- 
phomc acids are produced. 


Nitration, 

The mtration of phenanthrene by mevis of 
nitric acid (p 1 45) in the presence of a mixture 
of acetic acid and acetic anhydride gives rise to 
four of the live possible mononitrophenanthrenes. 
The yields of the various derivatives are shown 
diagrammatically • 


60% 



The yield of the 3 -mZro- compound is increased 
by carrying out the nitration with nitric acid 
of p 1-56 at 0° (Schmidt and Heinle, Ber. 1911, 
44 , 1490). 

According to Callow and Gulland (J.C.S. 1929, 
2425), nitration of phenanthrene, under con- 
ditions similar to those of Schmidt and Heinle 
but by using nitric acid of p 1 5, instead of p 1 45, 
gives rise to some dinitro-derivative. 

d-Nitrophenanthrene may be prepared from 
nitrodihydrophenanthrcne oxide which is one 
of two addition compounds formed by reaction 
of phenanthrene, in benzene solution, with the 
** nitrous acid gas obtained by the interaction of 
nitric acid and arsenious oxide. This addition 
product IS converted by sodium methoxide into 
9-mtrophenanthrene (Schmidt, Bor. 1900,* 83, 
3257). 



A method of nitration of phenanthrene at 0° 
in chloroform solution by means of nitrogen per- 
oxide has been developed (Shorygm, Topchiev, 
and Anan’ma, J. Gen. Chem. Russ. 1938, 8, 
981) and is claimed to give 100% of isomeric 
mononitrophenanthrenes, the 2-derivative bemg 
obtained in 32% yield. 

Acylation, 

Considerable difficulty was encountered when 
attempts were made to acetylate phenanthrene 
m carbon disulphide solution. However, the 
reaction was found to proceed smoothly and 
simply in nitrobenzene solution (Mosettig and 
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van do Kamp, J. Amer Chem, Soc. 1930, 52, 
3704) With acetyl chloride the 2-dprivative 
(m p. 143°) was prepared m 15% yield and the 
^S-flenvative (m.p. 75°) m 64% 3 neld. The 2- 
acetyl compound is less soluble and separation 
18 easily effected by crystallisation. This re- 
action therefore provides a convenient method 
for preparing practical amounts of 3-aceto- 
phenanthrene which serves as the best.source for 
other derivatives such as the corresponding acid 
and amine. The 2-acyl derivatives are, however, 
best prepared by the Friedel-Crafts acylation 
of 9:10-dihydrophenanthrene and dehydrogena- 
tion of the product. The dihydnde, which may 
be considered as a derivative of diphenyl, is 
substituted exclusively at the carbon atom para 
to the diphenyl linkage, and the reaction is not 
accompanied by the usual resinous products 
which are obtained in the case of phenanthrene 
(Riegel, Gold, and Kubico, ibid, 1942, 64, 2221). 



Bromination of these methyl ketones readily 
yields the corresponding oj-hromoacetyl deriva- 
tives of phenanthrene (Mosettig and Van de 
Kamp, ibid. 1933, 65, 3448). 

The succmoylation of phenanthrene in nitro- 
benzene solution with succinic anhydride gives 
p-Z-phenanthroylpropionic acid (m.p. 149°) m 
fairly good yield (Haworth and Mavin, J.C.S 
1933, 1012). 

When phenanthrene is benzoylated by a 
Friedel-Crafts reaction in nitrobenzene solution, 
attack occurs at the 1-, 2-, and 3-positions as 
indicated below (Bachmann, J. Amer. Chem. 
Soc. 1936, 67, 665; cf. Bachmann and Pence, 
ibid., p. 1130) . 



20 % 


On addition of phenanthrene to a carbon di- 
sulphide solution of the Perrier compound (from 
benzoyl chloride and alummium chloride), a 
portion of the reaction product separates as an 
insoluble complex which on decomposition gives 
exclusively the 1-benzoyl-denvative (m.p. 149*5°) 
in 8% yield (Bachmann, lx.). The isolation of 
this ketone is so simple that it can be regarded 
as a readily available derivative in spite of the 
low yield. 

Phenanthrylammes. 

By far the most convenient method of pre- 
paring the 9-awiwo-denvative is from the phen- 
anthrol by the Bucherer reaction, viz. heatmg 
with ammonium sulphite and ammoma m an 


autoclave (Fieser, Jacobsen, and Price, ibid. 
10.36,58,2163, cf Russ P 40988) 

The readily available 2- and 3-acetylphen- 
anthrenes are the best starting materials for the 
preparation of the 2- and 3-ammo-compounds. 
The ketones are converted to the oximes, which 
are subjected to Beckmann rearrangement. The 
resulting acetylaminophenanthrenes on hydrolysis 
yield the desired amines (Bachmann and Boat- 
ner, ibid. 1936, 58, 857, 2097 ; Mosettig and 
Krueger, ibid. 1936, 58, 1311 ; Fieser and Price, 
ibid. 1936, 58, 1838). 

The 3- and d-phenanthrylaminea exist in two 
forms, the labile medication being converted 
into the stable on heating, storage for some time, 
or on acetylation (Schmidt and Heinle, Ber. 
1911, 44, 1490; cf. Cadre and Sudborough, 
J C.S 1916, 109, 1349). 

The 1-, 2-, and 3 -phenanthrylammes serve as 
starting materials in the preparation of the 
corresponding halides (Bachmann and Boatner, 
J. Amer. Chem. Soc. 1936, 58, 867, 2194; 
Fieser and Price, ibid. 1936, 58, 1838). Bach- 
mann and Boatner advocate the use of the 
De Milt and van Zandt (ibid. 1936, 58, 2044) 
method of diazotisation for weakly basic or in- 
soluble amines and also of the introduction of 
chlorine and bromine atoms by Schweehten’s 
modification of the Sandmeyer reaction 
(Schwochten, Ber. 1932, 65 [B], 1605). 


Phenanthrols. 

Owing to their lolationship with some opium 
and Corydalis alkaloids, the phenanthrols have 
been investigated in some detail (see Knorr and 
Pschorr, ibid. 1905, 38, 3174). All the five 
possible hydroxy- derivatives of phenanthrene 
have been prepared but only the 2-, 3-, and 9- 
phenavthroU (m.p. 169, 123, and 153° respec- 
tively) are readily available. 

Both 2- and 3-phenanthrol are easily obtamed 
from the corresponding sulphonate. Mosettig 
and Burger (J. Amer. Chem. Soc. 1935, 57, 2189) 
have described a practical method of preparmg 
l-phenanthrol in 60% yield by bromination of 
l-keto-l:2.3:4-tetrahydrophonanthrene *and de- 
hydrobrommation of the product by treatment 
with diethylanilme. 

Several methods have been employed for the 
preparation of 9-phenanthrol (phenanthrone) of 
which only two will be mentioned here. Treat- 
ment of phenanthraqumone with phosphorus 
pentachloride gives 10:10 - dichloro - 9 - phen - 
anthrone which on reduction, best with stannous 
chloride in acetic acid saturated with hydrogen 
chloride, gives phenanthrone (Schmidt and 
Lumpp, Ber. 1908, 41, 4216; Goldschmidt, 
Vogt, and Bredig, Annalen, 1926, 446, 135) ; 
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This compound is now easily obtained by the 
method of Fieser, Jacobsen, and Price ( J. Amer. 
Chem. Soc. 1936, 58, 2163). These authors 
found that phenanthrene on treatment with 
bromine in methanol solution was converted mto 
an unstable complex apparently consisting of 
1 mol. of phenanthrene methoxybromido and 
one of the dibromide. This complex gives 9- 
methoxyphenanthrene and phenanthrene when 
warmed with alcoholic potassium hydroxide- 
acetate, and 9-phenanthrol is easily obtained 
(30% yield based on phenanthrene consumed) 
from the mixture. 

Phenanthrene Carboxylic Acids 

The readily available 2- and 3-acetylphen- 
anthrenes can bo converted in almost quantita- 
tive yield to the corresponding carboxylic acids 
(m.p. 264° and 269° respectively) by oxidation 
with sodium (or preferably calcium) h3q)o- 
chlorite solution (Mosettig and Van do Kamp, 
ihid.^ 1930, 52, 3704). This method has also 
been applied for the preparation of the 4-acid 
(Fieser, Fieser, and Hershberg, ibid, 1936, 58, 
2322). 

Phenanthrene -^-carboxylic acid (m.p. 262°) can 
conveniently bo prepared in good yield from the 
9-bromo-compound by two alternative routes: 
(1) conversion to the Gngnard reagent followed 
by either direct carbonation, or condensation 
with ethyl chlorocarbonate and hydrolysis of 
the resulting ester (Bachmann, ibid, 1934, 56, 
1363) ; (2) conversion to the nitrile by heating 
with cuprous cyanide at 260° followed by 
hydrolysis (Mosettig and van de Kamp, ibid 
1932, M, 3328). Phenanthrene nitriles may also 
be prepared, and hence the acids by hydrolysis, 
from the sulphonic acids (Schultz and Japp, Ber. 
1877, 10, 1661; Japp, J.C.S. 1880, 37, 83, 
Werner and Kunz, Annalen, 1902, 321, 323, 
Fieser, J. Amer. Chem. Soc. 1932, 54, 4110). 

Phenanthraldehydes. 

The 2-, 3-, and d-aldehydea may be prepared in 
excellent yield by reduction of the acid chlorides 
in decalin solution by means of the Rosenmund 
method (Mosettig and van de Kamp, ibid, 1933, 
55, 2996). The conversion of the awd chlorides 
to the aldehydes by moans of the Sonn and 
Muller method results in lower yields (Shoppee, 
J.C.S. 1933, 37 ; Bachmann, J. Amer. Chem. 
Soc. 1935, 57, 655; Bachmann and Boatner, 
ibid, 1936, 58, 2097 ; Bachmann and Kloetzel, 
ibid, 1937, 59, 2207). 

Phenanthrene-9-magnesium bromide reacts 
with ethyl orthoformate to give the acetal, from 
which the aldehyde may be obtained by hydro- 
lysis (Miller and Bachman, ibid, 1936, 57, 766). 

When subjected to a Gattermann reaction in 
chlorobenzene solution, phenanthrene is attacked 
in the reactive 9-position and the 9-aldehyde is 
obtamed in 44% yield (Hinkel, Ay ling, and 
Beynon, J.C.S. 1936, 339). 

Phenanthraquinone. 

Oxidation of phenanthrene proceeds by means 
of an attack on the reactive 9:10-pO8itions with 
formation of a typical ortho- quinone. The 
hydrocarbon can be oxidised in glacial acetic 
acid solution with chromic acid (Graebe, 
VoL. IX.— 30 


Annalen, 1873, 167, 140) or, more economically, 
m aqueous suspension using potassium di« 
chromate (Anschtitz and Schultz, ibid, 1879, 
196, 37 ; Oyster and Adkins, J. Amer. Chem. 
Soc. 1921, 43, 208). The yield obtained is 
60-60%. The orange - coloured phenanthra- 
quinone is easily purified by extraction from the 
reaction mixture as the colourless, water-soluble 
bisulphite compound from which the quinone 
may bo regenerated by acidification or addition 
of alkali (Graebe, Annalen, 1873, 167, 131). In 
this manner all traces of anthraquinone can be 
removed. Phenanthraquinone is itself easily 
oxidised further, by cleavage of the bond 
between the two carbonyl groups, to diphenio 
acid. This fact constitutes the chief difficulty 
m obtaining a high yield of the quinone. The 
further oxidation of phenanthraquinone is most 
conveniently effected with hydrogen peroxide 
m either glacial acetic acid solution (Holleman, 
Rec. trav. chim. 1904, 23, 169) or alkalino 
medium (Weitz, Schobbert, and Seibert, Ber. 
1935, 62 [B], 1163). 

Other methods of oxidation have been em- 
ployed, however, and include sodium chlorate 
and acetic acid in the presence of ruthenium 
salts (Badische, G.P. 276618), electrolytic oxida- 
tion in the presence of manganese sulphate 
(Lang, G.P. 189178) or cerium sulphate (Meister, 
Lucius, and Pruning, G.P 152063; B.P. 19178, 
1902). 

Alkylphenanthrenes m which the 9- and 10- 
positions are unsubstituted are smoothly 
oxidised to the alkyl-9: lO-phenanthraquinones 
with chromic acid. Similarly most substituted 
phenanthrenes can be converted into the 9.10- 
quinones ; hydroxyl and ammo groups may be 
adequately protected by acetylation. It is by 
this method that the majority of the derivatives 
of phenanthraquinone are prepared, since direct 
substitution of phenanthraquinone usually takes 
place at the 2- and 7-position8 (c/. the meta 
directmg effect of a carbonyl group on further 
substitution in a benzene ring). 

Oxidation of ammophenanthrols has been 
employed for the preparation of the 1:2-, 1:4-, 
and 3:4-phenanthraquinone8 (Fieser, J. Amer. 
Chem. Soc. 1929, 51, 946, 1896, 2469), but these 
compounds are not of great importance. 

A substituent in the central ring of phen- 
anthrene IS eliminated in the process of oxidation 
and a 9; 10- quinone is again produced. This 
reaction frequently finds application in the 
elucidation of the structures of phenanthrene 
derivatives. 

Propertied , — Phenanthraquinone crystallises in 
long needles (m.p. 205°), may be boiled (>360°) 
without decomposition and on sublimation gives 
orange -red prisms. It exhibits polymorphism 
(Lmdpaintner, Mikrochem. 1939, 27, 21). The 
spectrographio properties have been studied 
(Seshan, Proc. Indian Acad. Sci. 1936, 8A, 172). 

A sensitive colour test which is capable of 
detecting 0*0005 g. of phenanthraquinone has 
been desenbed (Laubenheimer, Ber. 1876, 8, 
224; Meyer, ibid. 1883, 16, 1624, 2972). 

Chemically, phenanthraquinone resembles j3- 
naphthaquinone, but differs from the latter in 
that it can be prepared by direct oxidation of the 
hydrocarbon. 



466 


PHENANTHRENE. 


The quinone forms a phenylhydrazone (m.p. 
162-163°) (Werner and Frey, Annalen, 1902, 
321 , 304) and both a mono- (m p 158°) and di- 
oxime (m p 202°) (Meyer and Auwers, Ber 
1889, 22 , 1989). The oximes form complex 
metallic salts and the monoxime is a very sensi- 
tive reagent for cobalt and ferrous salts (Ciusa, 
Gazzetta, 1930, 66, 591). 

In the presence of alkalis, phenanthraquinones 
undergo the benzilic acid rearrangement This 
fact accounts for the formation of fluorenone 
(m.p 84°) when phenanthrene is oxidised with 
alkaline potassium permanganate (Anschutz and 
Japp, Ber 1878,11, 211) 





Phenanthraqumone and its derivatives, by 
virtue of the a-diketono grouping they possess, 
undergo condensation reactions with a large 
variety of chemical compounds. Among the 
products produced are some which are claimed 
to have tinctorial properties and to have appli- 
cation m the dyestufif field, but none has attained 
any eminence industrially. Among the many 
classes of compounds that have been employed 
in these condensations may be cited the follow- 
ing : orthodiaminos (Badischo, G.P. 79570 ; 
90212; Sircar and Butt, J Indian Chem Soc 
1924, 1, 201 ; Dutta, Ber 1933, 66 [B], 1220), 
diaminoanthraqumones (Scholl and Ka^er, %h%d 
1904, 87 , 4532), substituted phenylhydrazines 
(Guha and Tie, J Indian Chem, Soc. 1926, 3 , 55), 
substituted anilines (Fries, G P 130743, Sircar 
and Roy, J.C.S. 1924, 125 , 543), aromatic 
aldehydes and their derivatives {idem, xhid, 1925, 
127 , 1048, Sircar and Sircar, ibid. 1923, 123 , 
1560) and various thio -compounds (Guha ei 
al , J Indian Chem. Soc. 1927, 4 , 242 , 1928, 
6, 155 ; Do, ibid, 1930, 7 , 361 ; Schonberg 
and Schutz, Ber. 1927, 60 [B], 2347). For some 
other mordant, vat, or azine dyes derived from 
phenanthraqumone, c/. Mukherjee and Watson, 
B.P. 9311, 1915 , J C S. 1916, 109 , 617 ; Watson 
and Dutt, ibid. 1921, 119 , 1211. 

The quinone forms a dibromide (Schmidt and 
Junghaus, Ber. 1904, 37, 3556). The 2‘bromo- 
phenarthraqmnoxie (m.p. 233°), also formed as 
a minor product, is prepared in better yield by 
bromination at 100° under pressure. Further 
brommation at 150-160° gives the 2J’dtbrmno- 


derivative (m.p. 323°). The 3;6-wom€r is stated 
to be prepared m nitrobenzene solution (Courtot 
and Rronstem, Chim. et Ind. 1941, 45, 66). 

When phenanthraqumone is boiled with con- 
centrated nitric acid for a short time the 2- 
(mp. 257-258°) and the 4- (m.p. 179-180°) 
wi/ro-derivatives are obtained (Schmidt and 
Austin, Ber 1903, 36 , 3731 ; Schmidt and 
Kampf, ibid , p 3734) Further nitration gives 
the 2 7- (m p 300°) and the 4 5- (m p. 228°) di- 
substitution products (Schmidt and Kampf, Ic), 

Phenanthraqumone, or its bisulphite com- 
pound, can be reduced to 9 lO-dihydroxyphen- 
anlhrene (Schmidt and Kampf, ibid. 1902, 35 , 
3124; Knesch, G.P. 151981). Its conversion 
to i^-pkenanthrol has already been mentioned. 

Phenanthraqumone can be completely hydro- 
genated over platinum at room temperature and 
over Raney nickel at 160° without loss of oxygen. 
The products obtained are perhydro-9:l0’di- 
hydroxyphenarithrenes (Lmstead and Levine, 
J. Amer. Chem Soc 1942, 64, 2022). Over 
nickel at 120°, hydrogenation yields mainly 
decahydro-Q lO-dihydroxyphenanthrene (cf. Skita, 
Ber. 1925, 58 [B], 2685). 

B C. L W. 

PHENAZONE. 1 - Phenyl - 2 3 - dimethyl- 
5 - pyrazolone. “ Antipyrme ” Antipyretic 
B P , B.P.C (v. Synthetic Drugs). 

S E 

PHENOBARBITONE. 5-Phenyl.5-etiiyl- 
barbituric acid. “ Lumuial.'^ Hypnotic and 
sedative ; used in treatment of epilepsy. B P , 
B.P.C. (v. Synthetic Drugs). 

S E 

PHENOBARBITONE SOLUBLE! 

Sodium 5 - phenyl - 5 - ethylbarbiturato Hyp- 
notic and sedative. B.P , B P.C (v Synthetic 
Drugs). 

S E 

PHENOL AND ITS HOMOLOGUEs! 

Replacement of one of the six hydrogen atoms 
in benzene by the hydroxyl group gives phenol 
(also known as carbolic acid), i.c , monohydro xy- 
benzene, which is the first member of a very 
important homologous senes, the monohydne 
phenols. The other members of this senes are 
formed by replacement of one up to five of the 
remaining hydrogen atoms by alkyl groups It 
will be clear that position isomerism of the 
hydroxyl and alkyl groups m the benzene ring 
can occur, as well as isomerism in the alkyl side 
chains themselves in the case of alkyl sub- 
stituents higher than ethyl, relatively large 
numbers of isomeric phenols can therefore exist 
when the substituent or substituents are from 
among the higher alkyl groups. Thus, in the 
case of methyl substituted hydroxybenzenc, the 
methyl group can occupy one of three positions, 
ortho-, meta-, or para- with respect to the 
hydroxy-group The three isomers resulting are 
the so-called cresols. With two methyl sub- 
stituents it 18 easily seen that six isomers are 
possible, the so-called xylenols. The position is 
similar for ethyl substituents. With one propyl 
substituent, there are three position isomers 
resultmg from isomerism in the ring, and two 
possible propyl isomers leading to the existence 
of SIX isomeric propyl phenols, and so on with 
other alkyl substituted phenols. 
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The most important monohydric phenol is 
phenol itself, followed by the alkyl phenols in 
which there are only one or two alkyl sub- 
stituents and m which the alkyl substituents 
have a relatively small number of carbon atoms. 

If two of the hydrogen atoms m benzene are 
replaced by hydroxyl groups, it is apparent that 
there can exist throe isomers, the ortho-, mota-, 
and para-dihydroxybenzenes, known respec- 
tively as catechol, resorcinol, and hydroquinone, 
which, in a manner strictly analogous to the case 
of phenol, form the first members of other 
homologous series, the dihydnc phenols. 

In like manner are formed the homologous 
senes of tn-, totra-, and penta-hydric phenols. 
When all six hydrogen atoms in benzene are 
replaced by hydroxyl groups, hexahydnc phenol 
results, and is, of course, the sole member of the 
homologous series. In the case of these poly- 
hydric phenols, only the unsubstituted di- and 
tri-hydnc phenols are of industrial importance. 

General Properties. 

Physical . — When pure, phenols are white 
solids or colourless liquids at room temperature 

Monohydric phenols have very characteristic 
burning tastes, and odours varying from the 
bland sweetish smell of the lowest member of the 
senes, phenol, to the sharp spicy type of smell 
possessed by the higher homologues The 
dihydnc phenols have slight odours, while the 
tri-, tetra-, penta-, and hexa-hydric phenols are 
almost odourless. 

Monohydric phenols are soluble m water at 
room temperature, the solubility decreasing 
from about 7 5% in the case of phenol, to below 
0 2% in the case of the higher homologues such 
as butylphenol, polyhydnc phenols are much 
more soluble. In organic solvents, monohydric 
phenols are, in general, easily soluble, especially 
111 oxygenated solvents ; the polyhydnc phenols 
are easily soluble in oxygenated solvents but 
much less soluble, or in the case of the tn- and 
higher poly-hydric phenols, only slightly soluble 
in other organic solvents 

All phenols have antiseptic and germicidal 
pi opcrtics, the effect increasing to a maximum on 
increasing the length of the alkyl side chain sub- 
stituents to about SIX carbon atoms, and being 
aflfected by the number of hydroxyl groups 
present 

Phenol, the lowest member of the monohydric 
phenols, is highly toxic and caustic, the cresols 
being less so, with a further progressive falhng 
off as the higher members of the senes are 
reached Polyhydnc phenols, while being leas 
caustic than the monohydric, are still markedly 
toxic; the toxicity appears, in part at least, to 
be associated with their general strong reducing 
properties 

Chemical . — Phenols behave as weak mono- or 
poly-basic acids, depending upon the number of 
hydroxy-groups present, the acidity diminishing 
with increase in length of the alkyl substituent 
side chains, and with the number of alkyl sub- 
stituents. The hydroxy-group in phenols also 
exhibits properties similar to that in the alcohols, 
especially tertiary alcohols. Thus, phenols form 
esters with acids, and ethers by condensation 
with other phenols or alcohols. 


The presence of the hydroxyl group in phenols 
facilitates the substitution of the hydrogen atoms 
attached to the benzene nucleus, by such sub- 
stituents as the halogens, cyano-groups, nitro- 
groups, sulphonic acid groups, azo-groups, etc., 
and largo numbers of phenols so substituted are 
known The substitution of hydrogen by azo- 
groups IS especially important, since a consider- 
able number of azo dyes (q v ) are thus prepared. 
The reaction is, in general, carried out by 
reaction between diazo-compounds (q.v ) and 
sodium salts of phenols in aqueous alkaline 
solution. 

Heating phenols with zinc dust results m 
partial reduction to the parent hydrocarbon, 
e.g.t phenol itself gives benzene. 

Reaction of phenols, especially nitro-phenols, 
with phosphorus pentachlonde results m the 
substitution of the hydroxyl group by chlorine ; 
with phosphorus sulphide, thiophenols are pro- 
duced Heating phenols under pressure with 
aqueous ammonia results in the replacement of 
•OH by ‘NHg, giving aniline or nuclear sub- 
stituted anilines. 

Dry alkali salts of phenols are converted by 
carbon dioxide at temperatures around 150- 
200^^0. to the alkali salts of ortho- and/or para- 
phenolcarboyxhc acids , c.f/., phenol gives 

salicylic acid {q v ) These carboxylic acids are 
also formed by heating aqueous alkali phenates 
with carbon tetrachloride. If chloroform is 
substituted for carbon tetrachloride, the corre- 
sponding aldehydes are formed. 

With foimaldehyde, phenols react to give 
phenol alcohols thus 

OH 


CKOH 
+ HCHO e 

OH 

CHjOH 

which can further condense to give phenol- 
formaldehyde resins (v Plastics). These rosins 
have, during the past 20 years, found many 
important uses, and their manufacture absorbs 
a substantial percentage of the world’s phenol 
production. 

On reaction with benzotrichlondo, phenols 
give triphenylmethane derivatives, which are 
the parent substances for certain triphenyl- 
methane dyestuffs. 

Phthalic anhydride reacts with phenol to give 
the phthaleins 

Catalytic reduction of phenols with hydrogen 
under suitable conditions gives substituted 
cydohexanols or cyclohexanones ; substituted 
tetra- and hexa-hydrobenzenes are also obtained. 

With powerful oxidismg agents, such as per- 
manganate m aqueous solution, phenols can be 
completely oxidised to carbon dioxide and water. 
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Phenol 

o-Cresol 

m-Cresol 

p-Cresol 

o-3-Xylenol 

o-4-Xylenol 

m-2-Xylenol 

m-4-Xylenol . . . 

m-5-Xyleiiol 

p-2-Xylenol 

o-Ethylphcnol 

m-Ethylphenol . . . 

p*Ethylphenol 

Mesitol (2.4 6-Triinetliyl- 
phcnol) . . 

Cumlnol (2 3:5-Trlmethyl- 
phenol) .... 
Hemclllthenol (3 4 5-Tri- 
rnethylphenol) 

2.3 4-Trlmcthylphenol (con- 
secutive tp cuminol) 

2 4 5-Triinethylphcnol 

o-Propylphenol 

o-t«oPropylphcnol 

m-Propylphenol 

m-i«oPropylplicnol 

p-Propylphenol 

2-Methyl-4-ethylphcnol 


2.Methyl 

2- Methyl 

3- Methyl 
3-Methyl 

3- Methyl 

4- Methyl 
4-Methyl 
2-Propyl- 


•5-ethylphcnol 
•6-cthylphenol 
•4-cthylphcnol 
-5-ethylphenol 
•6-ethylplieiiol 
■3-cthylphenol . 
■6-ethylphenol . 
4-methylphcnol 


Thymol (3-Methyl-6-i«o- 
propylphenol) 

Carv’acrol (2-Methyl-5-iso- 
propylphonol) . . . . 

o-ierf.-Butylphenol 
p-tert -Butylphenol 
2:4-Dimethyl-6-ethylphcnol 
8 4-I)imethyl-6-ethylplicnol 
p-terf. -Amylphenol 
3-Methyl-4-amylphenol 
(Amyl-m-cresol) 
p-dlwo-ButylphenoI . 

2 4 6-Trimethyl-6-ethyl- 
phenol . . 

2*3.4:6-Totrametliylphenol 
2:3.4 6-Tetramethylphenol 
2.3.5 6-TetramethyIphenol . 
Pentamethylphenol . . 


M.p, or 
c,p. 

(crystal- 

iising 

point), ®c. 760. 

1817(1) 
5i0(i) 1910(1) 

12 0 ( 1 ) 202 2 ( 1 ) 

34 7 0) 202 0(1) 

75-0 0) 218 0(1) 

6J0(l) 227 0(1) 

45 0 0) 201 0(1) 

HG-OO) 2115(1) 

OiOO) 2215(1) 

75 0 0) 211 5(1) 

<~ 18 ( 2 > 206 6 ( 3 ) 
-4 0 ( 2 ) 211 ( 2 ) 


Boiling point, ®c at mm Hg. 


62 (7) 
71-72 (3) 

15-16 (3) 
26(3) 
47-48 (3) 


20 (7) 

51 0) 

43 -44 (10) 


47-40 (10) 
86-87 (3) 
80-81 (3) 
117(3) 
125 (3) 


280-283 ( 5 ) 

260-252 (10) 

248- 250 ( 3 ) 

249- 250 ( 3 ) 
267 ( 3 ) 


160 0 0) 
168 4 0) 
179 0(6) 
179 4 ( 6 ) 


218 5-219 5 (3) 


68-69 ( 3 ) 219 5 ( 3 ) 

95 0) 230-231 (3) 


234-235 (3) 

224 0-220 SO) 
212 0-213 5 ( ) 
228 (3) 

260-202, cl 0) 
230-232 6 (3) 
224 5/740 
mm (9) 

224 (7) 

212-214(10) 
235 (7) 

233 ( 7 ) 

234-235 (7) 
216-218 (8) 


"a 5 (11) 2318(11) 

0 5 ( 11 ) 237-9 ( 11 ) 

— 221 (2) 

100(2) 237(2) 

— 227-228 (10) 

51-52(10) _ 

93 (2) 202 5 (2) 


120 2 0 ) 
127 4 (0) 
138 0 (6) 
138 4 (6) 
150 (2) 
160 (2) 


85 8 («) 
90 6 (6) 
101 3(3) 
101 8 (3) 
112 ( 2 ) 
122 ( 2 ) 

105 (2) 
117 5(2) 
105 (2) 


138 5 ( 2 ) 101 5 ( 2 ) 
151 (2) 114 5 ( 2 ) 


Density, 
g., per mi. 
atrc. 


1 073/20 (1) 
1051/20(1) 
1035/20(1) 
1 035/20 (i) 


1*026/20 (1) 
1 016/20 (1) 
1 026/20 (1) 


128-130/ — 

27 mm (») 

— — 0 969 (11) 

— — 0*076(11) 

153(2) 114(2) _ 

170(2) 130 5(2) 0 908/14 (2) 


138 5(2) 0 962/20 (2) 


.. Products Tests Committee. 

Testing Tar and its Products/* 
2nd ed., 1938, p 380. * 

\ Chem ,1944,86,506 

vest^^ 2968^^^* Tech. Papers and Report In- 

t Schmitt, Ber. 1931, 64 [B], 2270 

» Niederl, Ind. Eng Chem 1938, 30, 1269. 


J Kahlbaiim, Z. Phyalkal Chem. 1898, 26, 603. 

I Morgan and Pettet, J.C.S. 1934. 418. 

8 Hill and Graf, J. Amer. Chem Soc. 1916, 37, 1843. 
» Clemmensen, Ber. 1914, 47, 51. 

Bundesmann. and Wieners, Annalen, 
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By suitable control of the conditions, inter- 
mediate products such as oxalic or tartaric acids 
can be isolated. 

Space will not permit more than the above 
bnef outlme of the properties bemg given here, 
and for a good detailed review, and a full biblio- 
graphy of the subject, the reader is referred to 
“ Traite de Chimie Orgamque,’* Tome VI 
(pubhe sous la direction de Victor Gngnard, G. 
Dupont, et R. Locquin ; Masson et Cie, Editeurs, 
Paris, 1940). 

A. THE MONOHYDRIC PHENOLS. 

Physical Constants , — Useful physical constants 
of some of the most important and better known 
monohydric phenols are given m Table I, to- 
gether with such incomplete data as is available 
for some of the less well-known members of 
the series. Literature references are given in 
brackets thus (i) by the side of the physical 


constants, the key to these numbers being given 
immediately after the table. In order to avoid 
unduly lengthening the literature references, 
some of the very early ones are taken from a 
collected data review (®). 

Characterisation , — Derivatives of the mono- 
hydric phenols suitable for use in characterisa- 
tion, and also in certain cases for qualitative 
separation of mixtures, are: (i) the aryloxy- 
acetic acids usually prepared by reaction between 
the sodium salt of the phenol and sodium chloro- 
acotate m aqueous solution; (u) the phenyl- 
urethanes made by reaction between the dry 
phenol with phenyUsocyanate at 100°c. ; (iii) the 
xenylurethanes similarly formed from the dry 
phenol and p-xenyh5ocyanate at 110°; and 
(iv) the 3:6-dmitrobenzoates formed by warming 
the phenol and acid chloride, and crystalhsmg 
the product from a suitable solvent. Table II 
gives the melting-points of a number of these 
derivatives. 


Table II. 


Phenol 

Derivatives, with m p , ®0. 

Aryloxyacetic 

Phenyl 

Xenyl 

3 5-Dinltro- 



acid. 

urethanes 

urethanes. 

benzoates. 

Phenol . . . 

08-99 (1) 

126 (10) 

173 (10) 

145 8 (0) 

o-Crcsol 

151-152 (3) 

144(10) 

151 (10) 

138 4 (») 

m-Cresol 

102 (3) 

125 (10) 

164 (10) 

165 4 (9) 

p-Cresol 

1 35-136 G) 

115 (10) 

198(10) 

188 6 (9) 

m-2-Xylenol 

140-141 (5) 

133(5) 

198(10) 

158 8 (9) 

7n-4-Xylenol 

141 6(6) 

112(5) 

1G2 (8) 

184(10) 

1()4 6 (9) 

j3-2-Xylenol 

118(6) 

162(10) 

137 2(9) 

o-3-Xylenol 

185-187 (5) 

176(5) 

— 

— 

m-5-Xylenol 

mo 

151 (8) 

150 (10) 

195 4 (9) 

o-4-Xylenol 

162 6 («) 

120(5) 

183 (10) 

181 6(9) 

o-Bthylphenol 

140-141 (5) 

141 (5) 

— 

— 

7W-Ethylphenol 

76 0-76 5 (5) 

138'8 (5) 

-- 

— 

;)-Ethylphenol 

2 3 6-Trimethylphenol (i) (consecuti\ c 0- 

96-97 (5) 

120 (5) 

— 

— 

cumenol) .... 

— 

— 

189(13) 

— 

2 4 5-Trlmethylphenol (i) (0-cumcnol) 
2-MethyI-6-ethyIphenol (i) 

— 

110(10) 

196(10) 

— 

— 

— 

160(13) 

— 

2-Methyl-6-ethylphcnoI (i) 

— 

150-151 (11) 

— 

3-Methyl-4-ethylphenol 0) 

— 

— 

162(13) 

— 

3-Methyl.5-etliylphenol (i) 

— 

151(13) 

! 125(13) 

— 

3-Methyl-6-ethylphenol G) 

— 

127-12S (11) 

— 

— 

4-Methyl-2-ethyIphenol G) 

— 

99(13) 

— 

— 

4-Methyl-3-ethylphenol 0) 

— 

— 

162(13) 

— 

4-Methyl-6-ethylphenol (i) 

— 

101(12) 

— 

— 

2-Propyl- 4-methylphenol O) 

— 

99 (12) 

— 

— 

Thymol .... 

— 

106 (10) 

194(10) 

103 2 (9) 

Carvacrol 

' — 

1.35 (10) 

166(10) 

76-77 (ID 

2 4-Dimethyl-6-ethylphenol (i) 

1 — 

113 5(11) 

— 

3 4-Dimethvl-6-ethylphenol (i) 

— 

51-62 (11) 

—■ 

— 

2 4 5-Trimethyl-6-ethyIphenol (i) 

■ 

136-138(11) 


— 
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and the differences in maxima between closely 
related phenols rather small. 

Of much greater interest is the recent work by 
Thompson et al, (J.C.S. 1946, 268; Trans. 
Faraday Soc. 1945, 41, 279, 200) which has shown 
that the mfra-red absorotion spectra for a 
number of different phenols in the range 7~16fi. 



470 


PHENOL AND ITS HOMOLOGUES. 


are highly characteristic, as is the case with 
many other groups of compounds. Extension of 
this method should form the basis of a general 
method of characterisation. 

Sources. — When organic matter, especially 
that of vegetable origin, is destructively distilled, I 
phenols are usually found in the distillates , | 
destructive distillation or carbonisation of coal, 
as in gasworks or coke-oven plants (v. Vol. Ill, 
258), gives as distillate coal tar (v. Vol. Ill, 207) 
containing up to 50% phenol, cresols, xylenols, 
and other higher phenol homologues, the propor- 
tion of the yanous phenols and the total amount 
depending upon the kind of coal carbonised, and 
upon the conditions of carbonisation. Coal tar 
forms one of the mam sources of these phenols 
(for detailed methods of manufacture, see 
Vol. II, 303 ; Vol. Ill, 424, 426) 

Petroleum distillates often contain appreciable 
amounts of phenols and its homologues. The 
phenols are isolated from the distillates to a 
considerable extent in the U.S A. and jirobably 
also in Russia. 

Certain essential oils, obtained by pressing or 
steam distilling seeds or leaves of certain plants, 
contain phenols, and often form valuable com- 
mercial sources thus a considerable amount of 
thymol is obtained from Indian Ajowan Seed 
Oil The essential oils of Origanum and Thyme, 
depending upon their origin, contain up to 
(iO-80% of thymol or carvacrol. For fuller 
details, see Bull Imp Inst. 1924, 22, 205 ; 
Pellini, Annali Chim Appl. 1923, 13, 97. 

Modem demands, however, for many phenols 
are such that the so-called natural sources 
mentioned above are totally inadequate, and 
accordingly the phenols have largely to bo manu- 
facture d by sythotic methods, as is the case with 
phenol itself, and its homologues carvacrol and 
thymol, to mention only three. In some cases 
no natural sources of the phenols are known, and 
thus they have to bo obtained by synthetic 
methods, e g , p-tert -amyl- and p-^er^ -octyl- 
phenols. 

Phenol (Carbolic Acid). 

This has been dealt with at length in the 
article on Carbolic Acid (V^ol II, 3()3c) , addi- 
tional information given here will serve to 
supplement the earlier data. 

Manufacture. 

Natural Phenol (so called) from crude Carbolics 
and Cresylics (Tar Acids) obtained from Coal 
Tar. — Continuous vacuum fractional distillation, 
worked so largely in the petroleum industry, has, 
in recent years, been adapted to the separation 
of phenol, especially m the U.S.A. and to a less 
extent in this country By suitably designmg 
columns and working at reflux ratios appropriate 
to the crude tar acids being distilled, it is 
possible to obtain, directly, phenol of c p 39- 
41°o. which 18 of sufficient purity for many 
uses other than pharmaceutical. One of the 
advantages over other methods, involving batch 
distillation and refrigeration, is the marked 
saving in energy requirements per unit of 
phenol produced. 


Synthetic Phenol — (a) The classical benzene- 
sulphonation alkali-fusion method, as befits its 
importance (indicated by the fact that a large 
proportion of the synthetic phenol made is still 
produced by this method), continues to engage 
attention directed to ways and means of im- 
proving its economics, to enable it to meet 
mcreasing competition from the newer methods : 

(i) Kokatnur (U.S.P. 2111973; cf. Othmer and 
Leyes, Ind. Eng. Chem. 1941, 33, 158) proposes 
the use of partial -pressure evaporation tech- 
niques in both the sulphonation and fusion 
stages. Benzene is sulphonated in the presence 
of a high-boilmg naphtha cut, and the resulting 
sodium benzenesulphonate obtained after neu- 
tralisation is fused with caustic soda undera high- 
boiling kerosene fraction. Only a very small 
excess of sulphuric acid and of caustic soda 
(1 5%) over theory are required. A yield of 
92% theory of phenol on benzene is indicated. 

(ii) Bouvier et al. (BP. 406646, 416930, 

U.8P. 1992167, cf Tyrer, BP. 554878, 

559642) claim a process for economising in alkali 
in manufacturing phenol and homologues by 
carrying out the fusion of the benzene or other 
siilphonatcs in molten sodium phenates, and 
carrying over the phenol produced by hydrolysis 
of the phenatc in a cuircnt of steam passed 
through the reactants m the temperature range 
of 280-370°c , thus leaving free caustic to react 
with the sulphonates to give further phenol 
(cf Tyrer, B.P. 554878, 559642, which claims 
the use of inorganic bases other than caustic 
alkali), (ill) Miller (U.S.P. 2378314) and Harris 
(U.S.P. 2353237), pointing out some inherent 
disadvantages in the standard fusion technique, 
claim a continuous fusion method which involves 
feeding the reactants, sulphonates and caustic 
soda, into an agitated horizontal reaction vessel 
mamtained in the temperature range of 320- 
410°c. In the case of sodium benzenesulphonate, 
a 96% theory yield of sodium phenate is claimed 
with a leaction period of about 30 minutes. 

(b) Increasing attention has been paid during 
the last few years to new and non-classical 
methods of manufacturing phenol. Of these, 
methods dependmg upon alkali hydrolysis of 
chlorobenzene have been fully discussed m the 
article on carbolic acid ; three other methods, 
however, call for brief discussion, their success 
depending as much upon sound chemical 
engmeermg as upon their chemistry. 

(i) The first method (B.P. 387832 , 410331 , 
cf. U.S.P. 2138609) depends upon the steam 
hydrolysis of chlorobenzene at atmospheric 
pressure The process was worked in Germany 
for several years after the begmnmg of the 1939 
war, and smee 1940, on a much larger scale, in 
the U.S A., where about 15,000,000 lb. of phenol 
per annum were produced (Chem. Met. Eng. 1940, 
770 ; 1945, 107 , Ind Eng. Chem. 1941, 33, 278). 
In brief, the reaction is earned out in two stages 
In stage (1), benzene vapour is partially chlon- 
natod catalytically by hydrochloric acid and air 
I m an exothermic reaction takmg place at about 
210®o. thus ; 

2C 024" HCI — >• 2 C 2 H 5 CI-I- H 2 O. 

About 10% of the benzene is chlormated per 
pass to monochlorobenzene, while a very small 



PHENOL AND ITS HOMOLOGUES. 


471 


percentage is chlorinated to di- and higher 
chlorobenzenes which form practically the only 
by-products of the process. The benzene- 
chlorobenzene-water mixture is fractionated, 
giving benzene as the overhead, which returns 
to the chlorination stage, and chlorobenzenes as 
still residue, which, after fractional distillation, 
18 passed (stage 2) in vapour form with the water 
obtained in stage (1) over a hydrolysis catalyst 
at about 400° whereby part is hydrolysed thus : 

CeHjCl+HaO -v CeHsOH+HCl. 

Phenol for sale is separated by distillation, 
the acid formed goes back to stage (1), and 
the unchanged chlorobenzene is returned to 
stage (2) To render the process economic, 
highly efficient heat exchange is necessary, while 
the corrosion problem involved m handling wet 
hydrochloric acid gas is overcome by usmg, to a 
largo extent, bnck-lined and earthenware equip- 
ment with tantalum coils for steam heating. 

(ii) The second process (Canad. P. 391844; 
U.S.P 2223383, 2303658, 2328920, 2382944, 
see also Newitt and Burgoyne. Proc. Roy Soc. 
1936, A, 153, 448) involves the direct air oxida- 
tion of benzene in vapour phase at pressures 
near atmospheric, by passing the reactants, air- 
benzene mixture, into a chamber kept at about 
800°, with its walls specially coated to eliminate 
catalytic effects Only partial reaction is ac- 
complished per pass, and after separating the 
jjhonol produced the unreacted benzene is re- 
cycled This process is still m its initial stages, 
and fuither developments should be interesting, 
especially in view of the fact that a most recent 
development of the method (U S P 2382148), 
claims that using iodine as a catalyst the yield 
of phenol on benzene consumed can be raised 
from about 40% without catalyst to about 56% 
theory wuth catalyst. 

(ill) The third and last process to be men- 
tioned (U.S.P. 2321551) 18 unlike any other 
synthetic method so far described, and depends 
upon a hydrogen exchange reaction, cydo- 
Hexane, which can be obtamed by the catalytic 
hydrogenation of benzene, is oxidised in the 
presence of a cobalt acetate catalyst at around 
173°/30 atm. to give a mixture of cyciohexanol 
and cyrZohexanone 

CeH„ C,HiiOH+CeHi„0+ HjjO. 

The cydohexanol-cydohexanone reaction pro- 
duct 18 then caused to undergo hydrogen ex- 
change reactions by mixmg it with benzene and 
flowing the mixture through a convertor con- 
tammg a nickel catalyst (which acts as a hydro- 
genation and dehydrogenation catalyst) under 
an autogenously-developed hydrogen pressure 
of 30 atm., and at about 250°c The reaction 
product is a mixture of phenol, cycZohexanol, 
eyeZohoxanono, cycZohexarfe, and benzene, which 
IS separated by fractional distillation. The 
cyclohexane, cyclohexanol, cyclohexanone, and 
benzene are recirculated with suitable reactant 
make-up. The overall result is the indirect 
oxidation of benzene to phenol, the yield of 
which IS stated to be 863 g. from 277 g. cyclo- 
hexane and 623 g. benzene, which is equivalent 
•to 81 3% theory overall on the hydrocarbons 


consumed. The mventor states that the hydro- 
gen exchange reaction can bo carried out in two 
steps involving endo- and exo-thermic reactions, 
which practically balance out. The overall 
reaction thus requires little or no external heat. 
Accepting the yield mentioned in the patent as 
being obtainable on the large scale, it would 
appear that this process is economically feasible, 
and, in the writer’s opinion, further develop- 
ments are to be expected. 

Uses. 

In addition to the uses detailed in the earher 
article on carbolic acid, considerable phenol 
tonnage is chlorinated to tn-, tetra-, and penta- 
chlorophenol , 2 4.6-trichlorophenol has marked 
preservative and fungicidal properties, while the 
tetra- and penta-chlorophenols are even more 
antibiotic and, being nearly insoluble m water 
and possessing very low volatility at room tem- 
peratures, have great value for outdoor wood 
and fabric preservation The free phenols are 
usually applied in an oil solution, but aqueous 
solutions of the sodium salts of tetra- and ponta- 
chlorophenol are largely used for dipping freshly- 
sawn wood m Scandmavia, U S.A., and Canada ; 
acids in the wood cause deposition of free phenols 
in the wood structure, which effectively prevent 
attack by sapstam organisms, various wood- 
rotting organisms, and certain insects. For a 
detailed account of pontachlorophenol, free and 
as sodium salt, see Carswell and Nason, Ind. Eng 
Chera. 1938, 30, 622. Certain chlorophenol and 
chlorophenol homologuo derivatives, namely 
chlorophenoxyacotic acids, have recently found 
considerable application as synthetic plant 
hormones which cause pathogenetic fruit for- 
mation and which form the basis of certain 
selective weed killers. 

One new and substantial use, and one which 
should largely increase during the next decade, 
is as a raw material for ** Nylon production, m 
which phenol is reduced catalytically by hydro- 
gen to cyc^ohexanol, from which adipu' acid is 
made, and which, by further condensation with 
hexamethylenediamino, produces ** Nylon'" (v. 
Vol. IV, 125c). 

Production. 

Few reliable figures are available for phenol 
production m this country, but the following, 
relating to natural (coal tar) phenol production 
dunng the years 1942, 1943, and 1944, taken 
from the Ministry of Fuel and Power (Statistical 
Digest 1944, Cmd. 6639) will be of interest : 

Year . . . 1943 1944 1945 

Production, m tons . 8,200 8,700 9,200 

No correspondmg figures for synthetic phenol 
production can be given, but it is considered to 
amount to a substantial fraction of the natural 
product. 

Far more data are published relating to U.S.A. 
manufacture, and figures showing the trend 
durmg the past thirty years (U.S. Tariff Com- 
mission Reports Nos. 131, 136, 140, 148; Pre- 
liminary Reports on Production and Sales of 
Synthetic Organic Chemicals, 1944, 1946 ; 

Chemistry of Coal Utilisation, Chapman and 
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Hall, 1945, Vol. II, pp. 1345-1346) are given in 
round numbers m tabular form below : 



Total phenol 


Year. 

production in 
millions of lb 

Period. 

1914 

1 


fFirst 

1916 

65 


World 

1918 

108 


LWar. 

1919 

1 



1923 

3 



1926 

15 



1927 

8 



1929 

1982 

25 

14 


^ Peace 

1934 

45 



1935 

43 



1937 

66 



1938 

44 



1940 

1944 

69 

202 

< 

(Second 

World 

IWar 

1940 j 

/1 84 (synthetic)! 

\ 20 (natural) j 

Peace 


It may bo mentioned that Natural Phenol, 

1.000. 000 lb., accounted for the whole pro- 
duction m 1914; the figure for Natural Phenol 
production in 1944 had risen to 29,000,000 lb , 
but this substantial increase is completely over- 
shadowed by the vast developments in synthetic 
plienol production, lising from nil in 1914 to 

173.000. 000 lb. in 1944. It is of interest also 
to note that the increased production in the First 
World War was mainly due to its use m explosive 
(picno acid) manufacture, whereas, m the Second 
World War, the increase was associated with a 
large mcreased use as a basic raw material for 
synthetic resin manufacture, and by a large new 
use in the recently established **Nylon^^ industry. 
In 1944, the average U.S.A. price for synthetic 
phenol was 0 10 dollars per lb. and for natural 
phenol 0*09 dollars, as compared with about 
double the first figure in this country. The 
greater part of the higher cost in this country is 
undoubtedly due to the much smaller scale of 
working, but part appears to be due to the use 
of less efficient manufacturing methods and, m 
addition m the case of synthetic phenol, to the 
high basic production-cost of benzene. 

The Cresols. 

Coal tar forms the mam source of these 
phenols, which have been dealt with at length 
in the earlier articles on Cresol (Vol. Ill, 4246) 
and Cresylio Acid (Vol. Ill, 4266); supple- 
mentary information only is given here. 

o-Cresol. 

Manufacture, 

As is the case with phenol, continuous vacuum 
fractionation can be used mstead of batch 
fractionation for separating an o-cresol-rich 
fraction from the residue remammg after phenol 
recovery from tar-acid mixtures. 

ni- and p-Cresols. 

Manufacture, 

The separation of m- and p- cresols from coal 
tar cresols-distillate fractions still contmues to 
engage attention, indicating that the earlier 
processes are subject to certain chemical or 


economic limitations. Undoubtedly the uses of 
these cresols would be considerably extended if 
methods of manufacture were available giving 
the pure isomers at a cost comparable with that 
of phenol. 

(i) Carswell (U.S.P. 2042331) proposed a 
method of separation depending upon the fact 
that w- cresol and phenol form a crystallme com- 
pound even m the presence of p- cresol (c/. Daw- 
son and Mountford, J.C S 19l8, 118 , 923, 935 , 
r/. Kendall and Beaver, J. Amer. Chem Soc. 

1 921 , 43, 1853). Carswell adds phenol m amount 
necessary to form the compound m a m-, p- 
cresol fraction, cools, separates off the crystalline 
compound, and resolves it by fractional distil- 

1 lation. From the mother liquors, p- cresol is 
said to be obtainable by refrigeration. 

(ii) Weinnch (Ind. Eng. Chem. 1943, 35 , 264) 
and Stevens (ibid.f p. 653 ; cf, U.S.P. 2290602 ; 
2297588; 2327938) give details of a rather 
novel method of separation involvmg dibutyl- 
ation, separation of the butylatcd cresols by 
fractional distillation, and finally dcbuty lation 
to give pure m- and p- cresols. A somewhat 
similar method is described in B P. 557519. 

(ill) It has been proposed to manufacture p- 
cresol synthetically by a sulphonation-alkali 
fusion process from toluene analogous to the 
phenol process from benzene but, as far as is 
known, without commercial success Recently 
(B P. 518450) difficulties inherent in this method 
are pomted out, and an improved process 
claimed, m which sodium o-toluenesulphonate is 
fused along with another arylsulphonate such as 
sodium benzenesulphonate Fiom the fusion 
product, a mixture of phenol and p- cresol results 
which can be separated by fractional distillation. 
No yield figures are given, but if it should be 
possible to get yields comparable with those of 
phenol from benzene, and if a large-scale usage 
of p-cresol developed, this method would enable 
p-cresol to be produced at a price not much 
higher than that of phenol. 

It has been proposed to manufacture m- cresol 
synthetically from either o- or p-chlorotoluene 
by vapour-phase hydrolysis with steam at 400- 
650°o. in the presence of a suitable hydrolytic 
catalyst (Shreve and Marsel, Ind. Eng. Chem. 
1946, 38 , 254) During, or after, the hydrolysis, 
rearrangement of the hydroxy-substituents in 
the benzene ring from the ortho- or para- 
position to the more stable meta-position 
must occur, a rearrangement which is by no 
means uncommon (cf, Baddeley, B.P. 555751 ; 
J.C.S. 1943, 527). Nothmg is Imown, as yet, of 
large-scale developments of this method. 

Analytical Methods. 

Harrison (J.S.C.I. 1943, 62 , 119; tbtd, 1944, 
68, 347) gives details of the application of 
the Spekker absorptiometer to cresol-mixture 
analysis, dependmg upon the use of this m- ' 
strument to measure the intensity of colour 
developed by these phenols when treated with 
Millon reagent. The method is said to give satis- 
factory results and to be reasonably rapid. 
Thompson and Whiffin (J.C.S. 1945, 268) have 
given details of a method for the rapid and 
accurate analysis of cresol mixtures based on 
infra-red spectra measurements in cyclohexane 
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solutions. Phenol can be detected in cresol 
mixtures and data given indicates that the 
method is capable of application to the analysis 
of xylenols-ethylphenol mixtures. With the 
exception of the cineole method for o- cresol, 
present-day methods for accurate estimation of 
phenol and the other cresols are, in general, 
slow, and in the case of xylenol mixtures 
practically non-existent, so that the importance 
of the new technique is obvious. 

Uses, 

The main uses have been detailed m the earher 
articles on cresol and cresylic acid {q.v.)y from 
which it will be seen that the pure isomers, 
especially the meta- and para- isomers, are mamly 
used in small-scale speciality products. A greatly 
extended usage in synthetic resin manufacture 
can be envisaged, if and when they become avail- 
able m large quantities, at a price comparable 
with that of phenol. The resins derived from 
w-cresol are in many ways comparable with 
those from phenol, while valuable oil -soluble 
resins can be manufactured from p- cresol. 

Production, 

No production data are available in this country, 
but figures for the U.S A taken from the same 
source as those given for synthetic phenol show 
that the production of o-cicsol in round numbers 
in millions of pounds m 1942, 1943, and 1944 
were 1, 4, and 4 respectively, the price dropping 
concomitantly with increase in production from 
0 15 to 0 13 dollars per lb. No figures are 
published for m- and p-cresol here or in the 
U.S.A., but it is clear from their known uses that 
these must be very small in each case as com- 
pared with those for phenol or cresol mixtures. 

The Xylenols. 

The xylenols (dimothylphcnols) form, together 
with m-, p-cresol and the ethylphenols, a con- 
siderable proportion of the phenols fraction from 
coal tar boilmg in the range 200-230°o. (Raschig, 
Z. angew. Chem. 1912, 25, 1939 ; Bruckor, ihid 
1928, 41, 1043, 1002) and, up to recently, this 
fraction has constituted the sole source of such 
xylenols as have been prepared m pure form in 
any quantity. A considerable amount of in- 
genuity and time has been expended m trying to 
develop methods for the economic separation of 
pure xylenols from the fraction containing them, 
such as; (i) The separation of 2.6- and 2:4- 
dimethylhydroxy benzene from the tar- acid frac- 
tion b.p. ca, 211°o. by sulphonation and crystal- 
lisation of the sulphonic acid of the 2.5-(p) 
xylenol from the mixture, and of the potassium 
salt of the sulphonic acid of the 2.4-xylenol from 
the residue, followed m both cases by steam 
hydrolysis to give the free phenols, (ii) The 
separation of the 2:5-xylonol from the fraction 
b.p. 210-212°c. by sulphonation and crystal- 
lisation of its ammonium sulphonate (Morgan 
and Pettet, B.P. 397148). (iii) The separation 
of various xylenols from mixtures by forming 
additive compounds from them with bases such 
as benzidme (Bentley and Catlow, B.P. 374010 ; 
c/. U.S.P. 1980901). (iv) Separation by alkyla- 
tion such as butylation, followed by fractiona- 


tion of the alkylated mixture, and dealkylation 
in a manner analogous to the similar method 
proposed for separating m-, p- cresol mixtures 
(Luten and Benedictis, B.P. 557519, cf, U.S.P. 
2290602 , 2297588). ^ The methods mentioned 
have not as yet been commercially exploited on 
any considerable scale. 

m-Xylenol, sym.-m-xylenol, 3:6-dl- 
methyl-1 -hydroxybenzene. 

This IS the most abundant xylenol present in 
coal tar (Raschig, I c ) and the only xylenol 
manufactured m substantial amount from the 
xylenols fraction of coal tar. 

Manufacture, 

It is obtained by fractional distillation of a 
xylenol mixture followed by crystallisation, or 
solvent crystalhsation, of the fraction b.p. 217- 
222°c. (Kester, J. Ind. Eng. Chem. 1922, 24, 
770; “Chemistry of Coal Utilisation,” Chap- 
man and Hail, 1945, Vol. IT, M, 1347). 

Recently a now synthetic method has been 
disclosed by Williams and Ballard (U.S.P. 
2369196) in which isophorone, a 3:5.6-trialkyl- 
rnonocyclo aliphatic ketone, is subjected to 
pyrolysis at 575-700°o. under controlled con- 
ditions, giving up to 40% yields of the xylenol. 
This reaction is apphcable to 3‘5-dialkylphenols 
in general, and smee the ketones are apparently 
obtained from petroleum products, the method 
appears to offer a low-priced route to such 
phenols. Baddeley (J.C.S. 1943, 527) shows that 
under treatment under controlled conditions 
with aluminium chloride, xylenols and other 
substituted phenols tend to undergo mtercon- 
version to the more stable meta-substituted 
forms, in BP. 555751 he claims a process 
for manufacturmg 3* 6 -xylenol based on this 
work 

Production and Uses, 

No production figures are available. The 
mam use of the xylenol is as the source of its 
p-chloro-derivative, which finds very consider- 
able application in the preservative and dis- 
infectant field. The phenol has also been found 
of considerable use m the synthetic resin field, 
but this application is hampered by its relatively 
high price and its strictly hmited availability, 
although the synthetic routes to its manufacture 
mentioned above promise to mcrease the avail- 
abihty. 

Butylphenols. 

One only, p-tert.-butyl phenol is industrially 
important. 

Manufacture, 

There are several possible methods of prepara- 
tion from phenol and wobutyl alcohol or tert,- 
butyl chloride, and by rearrangement of phenyl 
butyl ether, for details of which see Lieb- 
mann (Ber. 1881, 14, 1842 ; tbid, 1882, 15, 160 ; 
G.P. 17311); Lewis (J.C.S. 1903, 83, 329); 
Curewitsch (Ber. 1906, 88, 2428); Hartmann 
and Gattermann (ibid, 1890, 23, 3332) ; Smith 
(J. Amer. Chem. Soc. 1933, 55, 3701); B.P. 
409131; U.S.P. 1972699; 1991332; Tsuker- 
vamk and Nazarova (J. Gen, Chem. Buss. 
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1935, 5, 767) ; Huston and Hsieh (J. Amer. 
Chera. Soc. 1936, 68, 439); U.S P. 2039344; 
2091666. The most economic methods of manu- 
facturing the phenol on the large scale, and 
probably the ones which^are used to produce 
the bulk of the phenol, are those mVolving the 
reaction of phenol and di-i5obutylene (U.S.P. 
2091565) or the reaction of phenol and iso- 
butylene (U S P. 1892990) m the presence of 
aluminium chloride. In the former case, 60 mol. 
of phenol and 1 mol. of aluminium chlonde are 
stirred, and 20 mol. of di-isobutylene slowly 
added at about 85®c. The temperature is raised 
to 120°c , the mixture cooled and neutralised 
with sodium carbonate solution and, after filtra- 
tion, vacuum fractionally distilled to give a first 
fraction of phenol which can be re-used, and a 
residue of the butylphenol. In effect, in this 
method of manufacture, the di-*sobutylene mole- 
cule depoly menses either during or after con- 
densation with the phenol. Actually it is possible 
by reaction of di-isobutylene with phenol under 
suitable conditions (B.P. 409111) to get di-tso- 
butylphenol which can be converted by the 
action of aluminium chloride (Smith and Rodden, 
J. Amer. Chem. Soc. 1937, 69, 2353) into p-tert,- 
butylphenol. Other methods of manufacture 
from isobutylene or di-isobutyleno and phenol, 
usmg sulphuric acid catalyst, have been pro- 
posed (B.P. 420636 ; 452335). It may be men- 
tioned that isobutylene and di- isobutylene are 
obtamod in bulk and at/ relatively low prices 
in petroleum refineries, which explains why 
methods of manufacture using these products 
are more economic than those utilising the much 
more expensive ferf, -butyl alcohol, or chloride. 

Production and Uses. 

Although no figures can be given it is known 
that -butylphenol is manufactured in very 
substantial and probably increasing amounts, 
especially m the U.S.A. ; it is significant that the 
U.S.A. production of unmodified p-terL-hutyl- 
phenol-formaldehyde resms amounted to 3 3 
million pounds in 1946, These resins on dis- 
solving in unsaturated oils, such as tung oil, 
followed by suitable heat treatment, condense 
with constituents of the tung oil, giving varnish 
(coating) bases having extremely valuable 
properties (B.P. 334572; 417122; 426249) 
The phenol has also useful ^sinfectant properties 
and has been proposed for use in disinfectant 
preparations (B.P. 484228). 

OcTYLPHENOLS. 

A considerable amount of work has been done 
on one octylphenol, p-di/sobutylpheno), or 
p- (aayy-tetramethylbutyl)phenol (Niederl, 
Ind. Eng Chem. 1938, 80, 1267-74) which is 
obtained by reaction between phenol and dii^o- 
butylene m the presence of a small amount of 
sulphuric acid (B.P. 409111). A whole senes 
of derivatives is described, some of which are 
patented for use as germicides, disinfectants, 
plasticisers, photographio developers, wettmg 
and tanning agents. For further details, 
U.S.P. 2008032; 2029639; 2073316; B.P. 
431487; Niederl, ^.c. 


Trimethylphenols. 

One of the isomenc tnmethylphenols, namely 
2.3.5-trl methylph enol, or cumlnol , has recently 
been separated from crude phenol mixtures 
obtained from coal tar or cracked petroleum 
distillates by close fractional distillation and 
static crystallisation of the fractions, b.p. ca. 
235®c. The crude phenol so obtained is purified 
by repeated Crystallisation from suitable sol- 
vents such as Isopropyl alcohol, or ether (B.P. 
561738). The phenol is of considerable interest 
because it can be easily converted by oxidation 
to its quinone, 2 3.5-trimethylhydroquinono 
which, on reaction with phytyl bromide, gives 
alpha-tocopherol, which is one of the most 
potent of the vitamin-^ group The isolation 
of the 2.3.5-tnmethylphenol from phenolic 
mixtures, such as those mentioned, should 
enable this vitamin to be manufactured much 
more conveniently than has been hitherto 
possible 

Methylpropylphenols. 

Two only are of industrial importance, namely 
thymol, 3-methyl-6-i5opropylphenol and car- 
vacrol, 2-methyl-5-i50propyl phenol. 

Thymol. 

The more important of the fwo phenols occurs 
naturally m various essential oils including 
those of Ajowan, Ocimun, Vinde, Monarda, 
Punctata, Origanum jlonbundumt Thymua capi- 
tatua, and Thyme In fa(*t, Ajowan oils contain 
over 50% thymol, and substantial amounts of 
the phenol are obtained by washing this oil 
with caustic soda of about 10% concentration, 
and then obtaining the phenol from the alkali 
solution by methods quite similar to those used 
in obtaining carbolic acid (q v) from coal-tar 
distillates. 

Synthetic thymol is manufactured by several 
methods, the most important being : 

(i) From m-cresol by condensation with iso- 

propyl alcohol or chloride or with propylene. 
For details of typical methods, sec B P. 551624 , 
IJ.SP. 2103736, 2286953, Chemical Trade 

Journal, 1936, 99, 387. 

(ii) Of less importance is an older synthetic 
method of preparation from cymene by nitration, 
reduction and diazotisation with replacement of 
the diazo-group by hydroxyl. 

Carvacrol. 

Like thymol, also occurs in several essential 
oils, such as those of Origanum hirtum, Montana, 
Thymua aerpyllum , and Monarda fiat uloaa. Oil of 
Origanum contains up to 80% of carvacrol 
which 18 obtained on a commercial scale from 
this oil by alkah washmg, as in the case of 
thymol. 

Synthetic carvacrol is also manufactured to 
some extent by sulphonatingp- cymene, followed 
by alkali fusion of the sulphonic acid. 

Uaea. 

Both carvacrol and thymol have very useful 
bactericidal properties, as also have their 
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chloro-derivatives. The phenols and these 
derivatives have therefore found hmited appli- 
cations as the bases of speciality antiseptic and 
disinfectant preparations m the pharmaceutical 
field. As an indication of their relative in- 
dustrial importance compared with other 
phenols, it may be mentioned that the United 
States production of thymol in 1942 amounted 


to 110,476 lb., the average selling price being 
2 32 dollars per lb. 

B. THE DIHYDRIC PHENOLS. 

Physical Constants , — Useful physical constants 
for the lower members of the senes are tabulated 
below. 


Phenol. 

M p. or c , °c 

Bp, 

°C /760 mm 

Density, 
g per ml. at 

t^O 

Catechol, 1 2-(iihy(iroxybenzene 
isoHomocatechol, 1 2-dihydroxy-3-methyl- 

105 (1) 

245 (2) 

1 344/4 (3) 

benzene 

68 (8) 

241 (8) 

— 

Homocatechol, 1 2-clIhydroxy-4-methylbenzcno 

65 (9) 

251 (9) 

— 

1 2-Dihydroxy-4 5-dimethylbenzene . . 

87-88 (14) 

— 

1 2-Dihydro\y-3 5-diniethylbenzene 

73-7i 

— 

— 

Resorcinol, 1 3-dihydroxybcnzene 

no 0(a), 108(5), (4) 

280 8 (5) 

1 2728/0 («) 

Crcsorciii, 1 3-dlhydroxy-4-methylbenzeno . 

104-105 (10) 

267-270(11) 

— 

Orcinol 1 3-dihydroxy-5-methylbenzene 
2-Mcthylresorclnol, 1 3-dihydroxy-2-methyl- 

126-6-128 0 (12) 

287-290(13) 

— 

t)enzene 

116-121 (3) 

264 (3) 

— 

1 3-I)ihydroxy-2 4-dimethylbenzene . 

146-147(16) 

— 

— 

1 3-Dihydroxy-4 5-dimethylbenzono 

136-137 (17) 

— 

— 

m-Xylorcin, 1 3-dihydroxy-4 6-dimethylbenzcnc 

124 5-125 0(18) 

276-279(19) 

— 

Hydro(iumone, l*4-dihydro\y benzene 
Toluhydroquinone, 1 4-diiiydroxy-5-mcthyl- 

172(1), 170 3 tj) 

285/730 (2) ] 

1 324-8/4 C) 

bonzene 

124-125 (12) 

— 

— 

1 4-Dihydroxy-2 5-dinicthylbenzene 

150 (20) 

— 

— 

1 4-Dih>dro\y-2 6-diniethylbenzene 

217 (21) 




{a) Form stable above 70 8^0. 

(6) Form stable below 70 8°c 

1 Kompf, J pr Chem 1908, [11], 78, 236, 256, 257 

2 (Jrabo, Aiiiialen, 1889, 264, 296 (anm ) 

3 Schroder, Bcr 1880, 12, 563 

4 Lautz, Ph Ch 1913, 84, 611 

3 Herzig, Wenzel, and Haiser, Monatsh 1903, 24, 
906 

6 Calderon, Bull Soc chim 1878, [11], 29, 234. 

7 Hartley and Little, J C S 1911, 99, 1081 

8 Llmpach, Ber 1891, 24, 4137 

9 Pauly, xhid 1909, 42, 422. 

Catechol. 

This substance, o-dihydroxy benzene, also 
called pyrocatechol (v Vol. II, 429c), is the least 
industrially important of the dihydric phenols, 
but of recent years interesting now uses and 
applications of the phenol and its derivatives 
have been found. 

Manufacture. 

Undoubtedly, methods of manufacture show- 
ing promise of producing catechol at a reasonably 
low price are those based on the alkaline pressure- 
hydrolysis of o-dichlorobenzene and of o-chloro- 
phenol, and it is considered probable that the 
mam part of the world’s catechol is made m 
this manner, especially in the U.S.A. After 
hydrolysis, the cooled charge is acidified and the 
catechol obtained by solvent extraction and 
distillation The following references are per- 
tment: U.S.P. 1970364; 2001014; 2041592, 
2126648; B.P. 426230. A further manufac- 
turing method which may have possibilities 
is that from safrole (Teikiche Hiraidzumi, J. 
Chem. Soc. Japan, 1934, 65, 601). 

Uses. 

Catechol and its derivatives may be used as 
antioxidants for preventmg the oxidation of fats 


‘0 Wallach, Ber 1882, 16, 2835 
Knecht, Annalen, 1882, 216, 93 

12 NevUo and Winthcr, Bor 1882, 16, 2979, 2989 

13 Dumas, Annalen, 1838, 27, 143 

14 Diepolder, Ber 1911, 45, 2501 

13 Hodgkinson and Limpach, J C S. 1893, 63, 108. 

16 Wischen, Ber 1890, 23, 3114 

17 Simon, Annalen, 1903, 329, 305 

18 Pfalf, Ber 1883, 16, 1138 

19 Kostanecki, ibid 1886, 19, 2323 

20 Bamberger and Rising, Annalen, 1901, 316, 302. 

21 Bamberger and Blangry, ibid 1911, 3M, 291 

and oils with consequent development of 
rancidity, and also for inhibiting oxidation of 
other organic products (BP. 344690; U S.P 
2124749, Tattersficld, Analyst, 1932, 67, 401; 
Light and Barry, Official Printing Ink Maker, 
4, No. 3, 10, 22, 24). They are also used in the 
manufacture of azo-dyes suitable for dyeing 
leather yellow or brown. 

Alkylated catechols have pronounced germi- 
cidal properties, hoxylcatechol being more 
potent than hexylresorcinol (U S P. 2067462). 
The monoethers also have bactericidal properties 
(Klarman ei al., J. Amor. Soc. 1932, 64, 1204- 
1211 ). 

Catechol forms the basis of really excellent 
developers but probably owing to its relatively 
high cost has not been used to the extent that 
might bo expected (Eder, Phot. Korr. 1933, 69, 
172). More recently, catechol has been used in 
the form of its double compound with p-pheny- 
lenediamme as the basis for fine -gram developers 
(B.P. 466626). 

Resorcinol. 

Resorcinol, 7n-dihydroxybenzene, is formed 
when certain resins, e.g.y Asafeetida, Galbanum, 
are heated with potash, or when Brazil wood 
extracts are distilled, but such methods of 
preparation are of no commercial interest. 
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Manufacture. 

The only method of importance is that based 
upon the disulphonation of benzene to the m- 
disulphonic acid which is neutralised to give its 
sodium salt. This is fused with excess caustic 
soda at about 320°c., giving the disodium salt of 
resorcmoh and sodium sulphite, from which 
cnide resorcinol is obtained by solution in water, 
acidification, and ether extraction. After removal 
of the solvent by distillation, the crude product 
is vacuum distilled and, if required, further 
purified by sublimation for pharmaceutical 
usage. Brief details of this method as worked 
in Germany at the Hoechst I G. Works are as 
follows ; 600 weight parts of benzene are heated 
with stirring at about 50°c. with 1,500 parts 
100% sulphuric acid and the mixture heated to 
100°o. to complete the sulphonation to benzene- 
monosulphonic acid. The sulphonation product 
is run slowly into 2,050 weight parts of 65% 
oleum at 30°c. rising to 80°c. with stimng, 
whereby benzeno-w*disulphonic acid is formed. 
The reaction mixture is run into sodium sulphate 
solution, containing sodium sulphate equivalent 
in amount to the disulphonic acid, and the mix- 
ture neutralised with lime slurry and filtered 
from the calcium sulphate precipitated. Small 
amounts of calcium salts remaining in solution 
are removed by treatment with a little sodium 
carbonate followed by filtration. The resulting 
solution of disodium sulphonato is evaporated to 
dryness to give a 98% theory yield on benzene 
of the dry salt, 800 weight paits of which are 
fused with 500 weight parts of caustic soda at a 
temperature rising to 340°o. The fusion product 
IS stirred with water, sodium sulphite left un- 
dissolved separated by filtration, and the filtrate 
neutralised with hydrochloric acid and extracted 
with ether. After removal of the ether, the 
crude resorcinol loft is vacuum distilled to give 
technically pure product in approximately 85% 
theory yield (File F.D 4409/45, Folder B , 
Hoechst Werk, Foreign Documents Unit). 

For further details of manufacturing or pro- 
posed manufacturmg methods, see 

(i) Sulphonation and disulphonation of ben- 
zene : Kosner and Monsiliso (Ber 1879, 9, 583) , 
Engli (ihid. 1878, 8, 817, AyLsworth (U 8 P 
1260852); Downs (U.S.P. 1279205, 1279296), 
Senseman (J. Ind. Eng. Chem. 1921, 13, 1124) ; 
Ambler and Cotton {ibid. 1920, 12, 968) ; Weiss 
(U.S.P. 1547186), Cotton (U S P. 1915925); 
Carr and Dahlen (U.S P. 1999955 ; 2007327) ; 
Hauser and Korovetzkaja (Mem. Inst Chem. 
Tech. Ukraine Acad. Sci. 1938, No. 9, 135) 

(ii) Fusion of m-benzenedisulphonic acid with 
alkali and working up to resorcinol ; Boswell 
and Dickson (J. Amer. Chem. Soc. 1916, 
38, 1786) ; Goodman and Grubman (U.S.P. 
1314138); Phillips and Gibbs (J. Ind. Eng. 
Chem. 1920, 12, 857) ; Downs (U.S.P. 1658230) ; 
Volumkm (J. Appl. Chem. Russia, 1936, 9, 
885) ; Burroughs (U.S.P. 2043232) ; Kammskii 
(Org. Ind. U.S.S.R. 1939', 6, 364). 

Uses. 

Of the dihydrio phenols, resorcinol is in- 
dustrially second to hydroquinone in importance, 
and 18 used in considerable amount, but rehable 
quantitative data otf usage are not published. 


Resorcinol is used to a considerable extent as 
one of the intermediates in certain Azo, Alizarin, 
Coomassie union blacks, Cyanin, Eosin, Oxazine, 
Pyrimidine, Stilbme, and Sulphur dyestuffs. 

Formaldehyde-resorcinol resms find appreci- 
able use as adhesives in the plywood mdustry. 
The resins are also useful as impregnants for 
paper-board and products made therefrom. 

Resorcinol itself is used in dermatology as also 
IS the monoacetate. Hexylresorcinol has marked 
germicidal properties and finds some apph- 
cation in certain speciahty germicides. 

The monoacetate is useful m mcreasmg low 
temperature resistance of cellulose acetate 
plastics while the diacetate can be used as a 
plasticiser for nitrocellulose. 


Hydroquinone. 

Hydroquinone, p-dihydroxy benzene, occurs 
naturally combmed with glucose m the glycoside 
arbutin, and as its monomethyl ether m the 
glycoside methylarbutm (v. Vol. VI, 86a). It is 
also obtained when quinic acid is dry distilled, 
or treated in an aqueous solution with lead di- 
oxide (Wohler, Annalen, 1848, 65, 349) No 
useful natural source of the phenol exists, and, 
accordingly, the demands of mdustry are met 
by synthetic production 


Manufacture. 

Anihne is the usual starting material for hydro- 
qumone production, although more recently it 
has been proposed to prepare the phenol by 
electrolytic oxidation of benzene, or by alkaline 
hydrolysis of p-bromophenol. 

(i) From aniline • Aniline is oxidised m sul- 
phunc acid solution with manganese dioxide or 
sodium dichromato, giving qiimono which on 
reduction with sulphur dioxide or iron gives 
hydroquinone. 



OH 


IH 


+ NHa 


Of the two oxidismg agents, manganese di- 
oxide is the more important, and a typical manu- 
facturing method as worked in Germany 
(C.I O.S. Report No. 22, File No XXVII-50, 
published for Board of Trade by H.M. Stationery 
Office, 1946 ; Chem. Trade J. 1946, 465 ; c/, 
U.S.P. 2043912) may be summarised thus : 

Into a stirred mixture of 2,000 1. of 60°B6. 
sulphuric acid cooled to 3°c. approx 470 kg. of 
pyrolusite contammg about 80% Mn 02 are 
added, the mixture being again cooled to 3°c. 
500 Kg. anilme as sulphate solution of specific 
gravity 12-14® RS , at 30-35°o. are added over a 
period of about 1 hour, when 930 kg of the 
pyrolusite (i.e., 1,400 kg. in all ; 120% of theory) 
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are added, the temperature being kept at S-lO^o. 
for the reaction penod of 11-12 hours. The 
reaction mixture is steam distilled, giving 
quinone in crystalline form of 99-100% punty. 
The quinone is reduced by means of finely 
ground metallic iron in stirred, neutral, aqueous 
solution. After reduction, the reaction mixture 
IS heated to 80°c., filtered, and technically pure 
hydroqumone recovered from the filtrate by 
evaporation in a triple-stage vacuum-evaporator, 
with final drying on a drum dryer. Further 
purification is by vacuum distillation, followed 
hy crystallisation. The yield of technically pure 
hydroqumone is about 84% theory which on 
further refining gives 88-91% of purified product 

i or a method usmg dichromate as the oxidising 
agent, ^ee Austral. P 98148 

(ii) From benzene ; B.P. 430572 and 556166 
claim to manufacture hydroqumone by electro- 
lytic oxidation of benzene to qumone which is 
reduced by iron or sulphur dioxide to hydro- 
qumonc. Benzene is added continuously to 
10% sulphuric acid in an undivided electrolytic 
cell having a PbOg/Pb, or Pb/Sb, or Pb/Be 
alloy anode and a smaller water-cooled lead 
cathode The qumone produced by electrolytic 
oxidation is extracted by the benzene con- 
tmuously flowing through the cell and the 
dilute quinone solution passes to a reduction ceU 
containing water and the reducing agent kept 
above the boiling-point of benzene. Benzene ' 
distils continuously and is returned to the j 
electrolytic (jell, while the qumone passes into 
the aqueous phase and is reduced to hydro- 
qumone. 

(ill) From p-bromophenol . U S P. 1934656 
claims the manufacture of hydroqumone by 
hydrolysis of p-bromophenol in aqueous 5-15% 
caustic soda solution at 70— 150°c. in the presence 
of copper or cuprous oxide catalyst. 

For further details of manufacture of hydro- 
qumone and its purification, see Thatcher 
(Trans. Amer. Electrochom. Soc. 1919, 36, 
preprint) ; Sladek (Casoas, Ceskoslovenskeho, 
Lekarmetva, 1927, 7, 299); B.P, 174554, 
430572; 455692; U.S.P. 1318631; 1322580, 
1421869; 1880534; 1883284, 1943656, 

1998177, 2006324; 2041592, 2066951, 

2129429, 2130151. 


Production. 

Hydroqumone is manufactured in two main 
grades: (1) The technically pure product used 
m industry for purposes other than photographic, 
and (2) a purer product known as the photo- 
graphic grade used mainly m the photographic 
industry. Figures are not published relating to 
production in this country, but such production 
IS small compared with that of the U.S A. for 
which production figures, together \vith average 
selling price for recent years, are tabulated 
below (Source as given for phenol ) 


Grade. 

Yearly production In millions 
of pounds (and price in dollars). 

1942. 

1943. 

1944 

Pliotographic 

3 00 

2 66 1 

190 


(0 07) 

(0 65) 

(0 60) 

Technical 



3 03 

3 65 



(0 59) 

(0 56) 


Uses. 

The largest single use is undoubtedly m photo- 
graphy [q V ), where it forms the basis of the 
universally used metol-qumol (MQ) developer, 
the greater proportion of which is absorbed by 
the cmc-film industry. The chloro- and bronio- 
derivatives are also used in photographic 
developers 

Another very important use of hydroquinono 
18 either as such, or m the form of derivatives 
such as chloro- mono-ethers and esters, con- 
densation products with p-phenylenediamine, 
etc., to inhibit oxidation m a wide range of pro- 
ducts, including rubber and other plastics, paints 
and other coating compositions, motor fuel, 
animal and vegetable oils, waxes, etc. Ihe 
phenol also finds use in making certain dyestuffs, 
e.j 7 ., quimzann, and m the manufacture of 
synthetic pharmaceuticals 

C. THE TRIHYDRIC PHENOLS. 

Physical Constants . — Some physical constants 
of the lower members of this series are tabulated 
m Table III. 


Table III. 


Phenol. 

M p OTCP , 

Bp, 

°o. 

Density, 
g per ml at®o 

Pyrogallol, 1 2 3-trihydroxybenzene 

^ ^ 3-trihydroxy-4-methylbenzene 

1*2 3-trihydroxy-5-methylbenzene 
Oxyhydroquinone, 1.2 4- triliydroxy benzene 
3-Methyloxyhydroqulnone, 1 2:4-trihydroxy-3- methyl- 
benzene .... 

5- Methyloxyhydroqulnone, 1.2,4-trihydroxy-6-methyl- 

benzene . ... 

6- Methyloxyhydroquinone, 1.2 4-trlhydroxy-6-raethyl- 
benzene . 

Phloroglucinol, 1.3.5-trihydroxybenzene 

2-Methylphloroglucinol, 1:3 6-trihydroxy-2-methylbenzene 

132 5(1) 
140-141 (3) 
129 (-») 

140 5 (5) 

117-118(3) 

130-131 (0) 

128-129 {^) 
217-219 (8) , 
117(a) (») 

214 (10) 

309 (2) 

1 453/4 (2) 


(a) M p. of dihydrate from water. 

1 Cazeneuve, Compt rend. 1892, 114, 1486. 

2 Perkin, J C 8. 1896. 69, 1185. 

3 Majlma and Okazaki, Ber. 1916, 49, 1490. 1492. 

4 Hofmann, %M, 1879, 12, 1376. 

3 Barth and Schreder, Monatsh 1884, 6, 692. 


« G P 101607. 

7 Henrich and liachtlgall, Ber. 1903, 36, 894. 
« Baeyer, ibid 1886, 19, 2187. 

9 WUl, M. 1887, 20, 297. 

10 Boehm, Annalen, 1901, 319, 286. 
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Of the trihydnc phenols only two are of any 
substantial technical importance at the present 
time, namely, pyrogallol and phloroglucmol. 

Pyrogallol. 

This exists in the form of ethers in certain 
fractions of Wood Creosote (v Vol. Ill, 419c), as 
glycosides of its moncarboxylic acid (gallic acid) 
in many of the tanmns, and free in certain plants 
and fruits such as tea, mangoes, Cassalpima 
coriaria. 

Manufacture, 

The mam and probably only present method 
of manufacture is from gallic acid (v. Vol. V, 
417a) which is autoclaved with half its weight 
of water at a temperature rising to 176°c. over a 
period of 3 hours , after cooling, treating with 
carbon and filtering, the solution is concentrated 
until nearly all the water has evaporated, then 
poured into trays and cooled to give solid crude 
pyrogallol, which is purified by distillation and 
sublimation {cf, Braconnet, Annalen, 1832, 1, 
26; Pelouzo, ibtd 1834, 10, 159, Layncs and 
Espemandieu, Z. angew. Chem. 1887, 1, 702). 

It has been proposed to manufacture synthetic 
pyrogallol by alkali hydrolysis of 2:6-dichloro- 
phonol-4-sulphonic acid to pyrogallol-5-sulphonic 
acid, which on heating gives pyrogallol (G.P. 
207374) and also by pressure hydrolysis of 
certain wood creosote fractions (Ugiiumov, 
Lesokhim Prom. 1933, 2, No. 3, 19 ; Sumarokov 
and Ugriumov, J. Appl. Chem. Russia, 1936, 9, 
2222; Sumarokov and Stepanova, ibtd, 1937, 
10, 1248). For a discussion of the methods of 
preparation of pyrogallol, see also Schwyzer 
(Pharm. Ztg. 1929, 49, ‘1), and for purification, 
Cutrona, McCann, and Bissell (U S P. 1434593). 

Production and Uses. 

No reliable production figures are available 
for manufacture in Europe, but the USA. pro- 
duced 57,423 lb. in 1942, which was sold at an 
average of 2*04 dollars per lb , according to the 
United States Tariff Commission Prelimmary 
Report for 1942, dealing with the Production 
and Sales of Synthetic Organic Chemicals. 

Pyrogallol finds use in quite a large number of 
rather small-scale speciality fields. 

Pharmaceutical chemicals include the mono- 
and tn-acetates, the salicylates, the sulphomc 
acid sodium salt. 

Dyes, e.g.f Alizaiin and Anthracene Yellows, 
certain azo dyestuffs such as azogallem. Chrome 
Brown RR and some xylonoiio dyestuffs are 
manufactured from pyrogallol. 

In photography, the phenol is used extensively 
m this country as the basis of the so-called 
“ Pyro ** negative developers, especially among 
professional photographers, and “ Pyro quahty 
in a negative ” is still looked upon as a hallmark 
of goodness. In the U.S.A pyro developers are 
probably not so much used, but the alkyl ethers 
have been claimed (U S P 2017295) as the basis 
of developers having little tendency to become 
oxidised. 

Antioxidants for petroleum distillates and 
wax, or wax-like products, cf. U.S.P. 1752933. 
Certain alkyl ethers have been proposed for use 


as petroleum antioxidants, but have been 
shown by Schumann and Haslam (Ind. Eng. 
Chem. 1934, 34, 455) to have no outstanding 
advantages over other substances in this 
connection. 

Phloroglucinol. 

This occurs in combined form in many glyco- 
sides, such as Hesperidin, Quercitin, and Plilo- 
nzm, in certain resins. Catechu, Gamboge, Kino, 
and also in many tannins, and is formed as its 
potassium salt by fusion of resorcinol with 
caustic soda 

Manufacture 

The phenol is made in the relatively small 
quantity required technically by nitration of 
benzoic acid to 2 4 6-trinitro-derivative, reduc- 
tion of this with tin and hydrochloric acid to the 
stannichlonde of triammobenzoic acid, which 
on boiling with water loses carbon dioxide and 
ammonia givmg phloroglucinol in aqueous solu- 
tion from which it is obtained by evaporation 
and ciystalhsation (Cassella, G P. 102358 , 
Flesh, Monatsh. 1899, 18, 758 ; Weidel and 
Poliak, ibid. 1900, 21, 20). 

Uses. 

Phloroglucinol finds its main industrial appli- 
cation as a component of developers used in 
dyeline prmting processes ; it has to a very 
small extent found some usage as a decalcifying 
agent for bones, and as an analytical reagent in 
the determination of pentoses. 

D THE TETRA-, PENTA-, AND 
HEXA-HYDRIC PHENOLS 

These phenols have, up to the present, found 
no industrial application, and for that reason 
are only briefly mentioned hero. When pure, 
all form colourless crystals, and, with the ex- 
ception of Apionol, are unstable in air and 
especially so in aqueous and alkalme solutions, 
when they undergo oxidation to qumones or 
other bodies of unknown composition All the 
three tetrahydric phenols are known, namely, 
1 2 3.4-, 1. 2.3,5-, and 1*2 4-5-tetrahydroxyben- 
zene. 

1 2.3.4-Tetrahydroxybenzene (Apionol) oc- 
curs in the form of derivatives in the apionols 
(see articles on essential oils) It has been 
prepared by hydrolysis of aminopyrogallol 
hydrochloride (Einhom et al.y Ber. 1904, 37, 
119) and has m.p. 161°c ; tetra-acetaie, m p. 
142°c. , tetramethyl ether (Apiol), m.p. 89°c. For 
further details of this phenol and its derivatives, 
see Ciamician and Silber (Ber. 1896, 29, 1808), 
Wesseley and Lethner (Monatsh. 1932, 60, 159). 

l:2;3:5-Tetrahydroxy benzene (Oxyphloro- 
glucinol) has been prepared by reduction of 
picric acid to the triammo-compound and by 
hydrolysis of this. Will (Ber. 1888, 21, 609, 
2020; cf. Posternak, Helv. Chini Acta, 1936, 
19, 1937) has prepared the phenol from 2- 
hydroxy-6-methoxybenzoquinone The phenol 
melts at 165--167°c., and on reduction with sodium 
amalgam gives oxyphloroglucmol Methyl 
ether, m.p. 235°c. ; tnbenzoate, m.p. 103°c. For 
further details, see Crache and Luter (Annalen, 
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1905, 84f0, 222), Barzollini and Bene (Chem. 
Zentr. 1911, i, 392) ; Postemak (I c ). 

1:2;4*5 - Tetrahydroxy benzene is con- 
veniently prepared by heating dibromo-l*4-di- 
hydroxyquinone with aqueous potassium sul- 
phite solution. It has no sharp melting-pomt. 
Teira-acetate, m p 226-227°c. (Jackson and 
Biggs, J. Amer Chem Soc. 1914, 36, 1216). For 
further derivatives, see Mukerji (J C S. 1922, 121, 
546). 

Only one pentahydric phenol, quercitol, 
1 2 3,4.6-pentahydroxybenzenc, can exist A 
compound considered to be this phenol was pre- 
pared by Einhorn et al. (Ber 1904, 37, 122) by 
the hydrolysis of 4*6-diammopyrogallol hydro- 
chloride. The phenol so obtained had no 
definite melting-point, and its penta-acetale 
melted at 165°c (decomp ) {cf. Wenzel and 
Weidel, Chem Zentr 1903, ii, 829). 

Hexahydroxybenzene, can be easily pre- 
pared by the reduction of tetrahydroxyqumone 
(Bacher and Boan, Rec. trav chim 1937, 56, 
1161) and also from hydroqumone (Nietzki and 
Benckiser, Ber. 1885, 18, 499, 1833). The potas- 
sium salt is apparently identical with the com- 
pound obtained by the action of carbon mon- 
oxide on molten potassium (Gmehn, Pogg. Ann 
1825, 4, 35). Hexa-acetate, m p, 222°o. On 
reduction with hydrogen with palladium black 
catalyst, the phenol gives inositol (Wieland and 
Wishar, Ber. 1914, 47, 2084). Several esters are 
described by Bacher and Boan (I c), 

W. E. H. 

PHENOTHIAZINE. “ Thiodiphenyl- 
amine.” Anthelmintic (veterinary) (v. Syn- 
thetic Drugs). 

S E 

PHENYLACETIC ACID, a-Tolmc Acid, 
CHgPh COgH. Phcnylacotic acid, first ob- 
tained in 1855 by hydrolysis of benzyl cyanide 
(Cannizzaro, Annalen, 1855, 96, 247 , see also 
Hofmann, Ber. 1874, 7, 519 ; Mann, %hid 1881, 
14, 1045, Staedel, ibid. 1886, 19, 1949) is best 
obtained by this method using sulphuric acid 
(Organic Syntheses, Coll. Vol I, 436). It has 
also been synthesised by reduction of mandehc 
acid with phosphorus and hydriodic acid (Crum 
Brown, Z. fur Chem. 1865, 443), by decarboxyla- 
tion of phenylmalonic acid (Wislicenus, Ber. 
1894, 27, 1094), by carboxylation of benzyl- 
magnesium chloride (Houben and Kesselkaul, 
ibid 1902, 35, 2523) and from phenylpyruvic acid 
with hydrogen peroxide (Mauthner, Annalen, 
1909, 370, 371 , Sugasawa and Tsuda, J. Pharm. 
Soc Japan, 1935, 55, 1050) 

It has been obtamed by bar 3 dia hydrolysis of 
vulpmic acid (MoUer and Strecker, Annalen, 
1860, 113, 64), by fusion of atropic acid with 
Iiotassium hydroxide (Kraut, ibid. 1868, 148, 
242), during putrefactive decomposition of 
certain proteins (E. and H. Salkowski, Ber. 
1879, 12, 649; Z. physiol. Chem. 1878, 2, 420; 
1885, 9, 499, 507), in acetone-soluble fat from 
tubercle bacillus (Stendal, Compt. rend. 1934, 
198, 400) and as a hydrolytic product of benzyl- 
penicillin (Nature, 1945, 156, 756). 

It crystallises from hot water, forming thin 
plates, m.p. variously quoted from 76-78° ; 
b p. 265*6° (corr.), 144*2-144 8°/12 mm. Very 
easily soluble in alcohol and ether. For ultra- 
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violet absorption spectra, see Baly and Collie 
(J.C S. 1905, 87, 1344), Baly and Try horn (ibid. 
1915, 107, 1066), and Gmlmart (Bull. Soc. chim. 
1938, [v], 5, 1209). Classical dissociation con- 
stant, 6 06x10'®; thermodynamic dissociation 
constant, 4 88x10'® (Dippy and Wilhams, 
J.C.S. 1934, 161 , Jeffrey and Vogel, ibid. 1934, 
166). 

Administered to dogs and cats, it is converted 
to phenylacetylglycine, and, m humans, hip- 
punc acid is said to be formed (Hotter, J. pr 
Chem. 1888, [u], 38, 117) only about 5-7*5% 
being conjugated with glucuronic acid (Wagreich, 
Kamm, and Harrow, Proc. Soc. Exp. Biol. Mod. 
1940, 43, 468). It acts as a plant hormone m 
low concentrations (see, e g , Pearse, Nature, 
1936, 138, 363), but may retard growth at higher 
concentrations (Borgstrom, Bot. Notiser. 1939, 
207; Hamner, Bot. Gaz. 1942, 103, 576). The 
esters are also active (Zimmerman, Hitchcock, 
and Wilcoxon, Contrib. Boyce Thompson Inst. 
1936, 8, 105). 

It forms watcr-insolublo salts with most heavy 
metals, usually hydrated ; the benzylaminonium 
salt, m p. 122-122 6° corr, and a-phenylethyl- 
ammonium salt, mp 116 6-116 4° corr, are 
useful for identification. 

Methyl ester, b.p. 220° ; ethyl ester, b p. 227°. 
Phenyl^etyl chloride, bp. 110-105°/16 mm., 
Pjg— 1*1674, 18 most con\eniontly prepared by 
the action of thionyl chloride on the acid ; on 
heating with the silver salt or with oxalic acid, 
the anhydride, m.p. 72 5°, is formed. Phenyl- 
acetamide, best prepared by the action of dry 
ammonia gas on an ether solution of the chloride, 
has m.p. 154-156°, b.p. 281-284° ; diethylamide, 
m p. 86° , diphenylamide, m.p. 72° ; hydrazide, 
m.p. 116°, benzylamide, m.p. 122°. 

R. B. 

PH EN YLALAN I N E, a-Ammo-P-phenyl- 
propionic Acid, CHgPh CH (INI Hg) COgH • 
Phenylalanine, first discovered in etiolated 
seedlings of Lupinus luteus, occurs m many other 
germmating plants (Schulze and Barbieri, Ber. 
1879, 12, 1924; 1881, 14, 1785, Schulze, Z. 
physiol. Chem. 1888, 12, 405; 1892, 17, 193; 
1894,20,306, 1896,22,411, 1900, 30, 241) and 
IS readily obtained by hydrolysis of many pro- 
teins. Its constitution was determined by 
Schulze, and confirmed by synthesis (Erlen- 
meyer and Lipp, Ber. 1882, 15, 1006 , Annalen, 
1883, 219, 186, 194). 

I It occurs in the fraction of esterified protein 
! hydrolysates, b p. 130-1 80°/0 5 mm., being 
i isolated by precipitation with water (Fischer, 

! Z. physiol, Chem. 1901, 33, 412). It is also 
separated by fractionation of its sparingly water- 
soluble copper salt (Brazier, Biochem. J. 1930, 
24, 1188) or by salting out from protein 
hydrolysates (Baptist and Robson, ibid. 1940, 
34, 221) and is quantitatively separated by 
chromatographic adsorption on charcoal 
(Wachtel and Cassidy, J. Amer. Chem. Soc. 
1943, 65, 666; Schramm and Primosigh, Ber. 
1943, 76 [B], 373). 

It may be colorimetrically estimated by nitra- 
tion with mtnc-sulphunc acids, reaction of the 
product with hydroxylamine and ammonia 
yieldmg the violet coloured ammonium salt of 
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3:4 - di-wonitrodiliydrobenzoic acid (Kapeller- 
Adler, Biochem. Z. 1932, 252 , 186; Brown, J. 
Biol. Chem. 1944, 165 , 277), and gravimetncally 
by reaction with potassium cyanate and 
xanthydrol, precipitating the xanthylhydantoic 
acid as silver or barium salt (Fosse, de Giaevc, 
and Thomas, Compt. rend. 1935, 200 , 872) 

Naturally occurring phenylalanine is Lcvo- 
rotatory, /(—), bemg configurationally related to 
natural Z(— ) leucine or i(+) alalime (Karrcr and 
Kehl, Helv. Chim. Acta, 1930, 13 , 50 , cf. ibid. 
1926, 9, 301). The synthetic form (q.v ) is resolved 
by fractional crystallisation of the cinchonine 
salt of the N -benzoyl denvative (Fischer and 
Mouneyrat, Ber. 1900, 33 , 2383), the brucine 
salt of the N -formyl derivative (Fischer and 
Schoeller, Annalen, 1907, 357 , 1), or the 
strychnine salt of j3-phenyl-a-urcidopropionic 
acid (Dakin and Dudley, J Biol Chem 1914, 
17 , 29). The selective action of yeast on the dl- 
form yields the d-isomer (Ehrlich, Biochem. Z 
1908, 8, 438) ; B. proieus attacks the i-isomer, 
B. suhtilia attacks both, and Lactobacillus casei 
utilises the d-isomer (Stokes and Gunness, J. 
Biol. Chem. 1944, 154 , 715). Asymmetric 
enzymic synthesis has been used to resolve the 
dZ-form (Behrens, Doherty, and Bergmann, 
ibid. 1940, 136 , 61). d-Phenylalanme has been 
obtained by acid hydrolysis of tyrocidme (Gor- 
don, Martin, and Synge, Biochem. J. 1943, 37 , 
313). 

/-Phenylalanine crystallises from water, 
100 g of water dissolve 2 965 g at 25°, and 
4*431 g at 50° (Dalton and Schmidt, J Biol 
Chem. 1935, 109 , 241). It has ra p. 283° (coir ) 
(decomp.) , [a]^^ —35 1° (Fischer and Schocl- 
ler, Z.C.), and a slightly bitter taste. The hydro- 
chloride and hydrobromide are stable crystalline 
compounds, CgHjiOgNHX. The ethyl ester, 
CgHioN COaEt, an oil, forms a crystalline 
hydrochloride (Fischer and Luniak, Ber. 1909, 
42 , 4752). lA-formyl compound, CiqHjj 03N, 
four-sided plates from water, m.p. 167° (corr ), 
Wd +75*2° (m ethanol). \^-p-toluenesulphonyl 
derivative, C1QH17O4NS, m.p. 164-165° (corr ), 
[a]^ —2 12° (m acetone) (Fischer and Lipschitz, 
ibid, 1915, 48 , 360; McChesney and Swann, 
J. Amer. Chorn. Soc. 1937, 69 , 1116). 

d-Phenylalanine crystallises in plates, m p 
283-284° (corr.) (docomp ) , 1 part dissolves in 
35*3 parts of water at 16° , —35 08° (2% 

aq. solution) ; [a]^® —7 07° (3 5% in 18% hydro- 
chloric acid) (Fischer and Mouneyrat, l.c ). 
It has a sweet taste ; the hydrobromide, 
CgHiiOgNHBr, forms silky needles from 
alcohol-ether; the t^-Jormyl compound, 

CioHuO^N, 

needles or plates fiom water, m.p. 167° (corr ), 
[a]^ —76*43°, soluble in 146 parts water at 
27°; the V\-henzoyl compound, 
colourless needles, m p. 146-146° (corr.), 
—17*1° (in 7% alkaline solution) ; the cincho- 
nine salt, m.p. 180-181°. PhenyliBocyanate 
derivative, CieHigOaNg, has m.p. 180-181° 
(corr.), [a]^ +61*27° (m 8% alkaline solution); 


the a-naphthylmocyanate, C2oHi303N2» m.p. 
160-151° ; the p-toluenesulphonyl denvative, 
C16H17O4NS, m.p. 164-165° (corr.), [a]^ 
+ 2 30° (in acetone). 

(//-Phenylalanine, first synthesised from 
jihenylacetaldehyde, via the ammo-mtnle, and 
by reduction and hydrolysis of 2-phenyl-4- 
benzyhdene-oxazolone (Plochl, Ber. 1883, 16, 
2815 ; 1884, 17, 1623 ; see also Erlenmeyer and 
Kunhn, Annalen, 1889, 307, 146, 163). Hydriodic 
acid and red phosphorus are used for simul- 
taneous reduction and hydrolysis of the mter- 
mediate a-bcnzoylammocinnamic acid (Hanng- 
ton and Mc(!5artney, Biochem. J 1927, 21, 852, 
Lamb and Robson, ibid. 1931, 25, 1231). 

CeH5*CH0+CH2*C02H 

NH 

doPh 

C.H5CHC CO CeHjCHCCOjH 

11 "^ I 

N O NHCOPh 



CgHgCHaCH COgH 

I 

NH COPh 
CgHgCHgCH CO2H 

I 

NH2 

In FHchcr’s synthesis (Ber. 1904, 37, 3062) 
benzylmalonic acid was brommated, decarb- 
oxylatcd and the a-bromo-j8-phenylpropionic 
acid tieatcd with ammonia {sec Organic Syn- 
theses, 1941, 21, 99). 

CoH5CH2CH(C02H)2 

-> C6H,CH2.CBr(C02H)2 

-V CoH^CHaCHBr COgH 

-> CeHg CHa CH(NH2) COaH 

Derivatives of aminomalonic ester have been 
used to synthesise phenylalanine * 

R NH CH(COaEt)a 

R NH C(CH2Ph)(C02Et)2 

R NH CH(CH2Ph)*COaH 

I 

CH2Ph*CH(NH2)C02H 

(R=H, Cherchez and Locquin, Bull. Soc. chim. 

1930, [iv], 47, 1274, 1386; R=PhCO, Dunn, 
Smart, Redemann, and Brown, J. Biol. Chem. 

1931, 94, 699 ; Redemann and Dunn, ibid. 1939, 
130, 341; R=MeCO, Albertson and Archer, 
J. Amer. Chem. Soc. 1946, 67, 308). 

It is formed by reduction of the a-oxime of 
phenylpyruvic acid, with zinc and hydrochloric 
acid (Erlenmeyer, Ber, 1897, 30, 2976), with 
aluminium amalgam (Knoop and Hoessli, ibid, 
1906, 39, 1477) or catalytically (Shemin and 
Herbst, J. Amer. Chem. Soc. 1938, 60, 1951). 
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rf^-Phenylalanine forms short prisms from 
water, or shinmg plates (aq ethanol), m p. 
263-265° (decomp.) pirb--2 58; pA"^=9 24; 
isoelectric point, (Miyamoto and 

Schmidt, J. Biol. Chem. 1931, 90, 165). Ap- 
parent acid dissociation constant m 9% aq. 
formaldehyde, pA^=6 8 (Dunn and Loshakoff, 
ibid. 1936, 113, 691). Ultra-violet absorption 
spectra may be used for identification, tyrosine 
and tryptophane being present in minimal 
amounts (Ross, ibul 1934, 104, 531). It is less 
soluble than the /-isomer (100 g. of water dis- 
solves 1 411 g. at 25°, 2*187 g. at 60°; Dalton 
and Schmidt, ibid. 1933, 103, 549), indicating 
that it IS a racemic compound, not a mixture. 

Derivatives — The hydrochloride^ 'platinxchloridey 
nitrate, sulphate, picrate (m p. 173°), and picrolo- 
nate (m p. 283°) are crystalline solids. Methyl 
ester, b.p. 141°/! 2 mm., pf 1*096, n]^ 1*5203, 
forms a hydrochloride, m.p. 158°. Ethyl ester, 
b p 143°/ 10 mm , 1 065, sparingly water- 

soluble, forms a hydrochloride, m p 127®, and 
piciate, m p 156 5° (Cuitius and Muller, Bcr 
1904, 37, 1261) Diazomethane yields the 

methyl ester (50%) and the betaine (39%) 
(Kuhn and Brydowna, ibid 1937, 70 [B], 1333) 
Sodium amalgam reduction of the ethyl ester 
yields iW-a-auiinO'p-'jyhenylpropionylacetal, b p 
153 5°/ll mm (Fischer and Kametaka, Annalen, 
1909. 365. 7) 

N -formyl derivative, soluble m 240 parts of 
water at 27°. ^-benzoyl derivative, mp 187- 
188°, forms methyl ester, ni p. 87° (corr ) and 
ethyl ester, m.p 95° (corr ) (Max, ibid, 1909, 369, 
276). The amide, m p. 138-139° (corr.) yields 
a N-P-naphthalenesulphonyl derivative, m.p 
141° H- 2 )henylacelyl derivative, m.p 126°, 
N-p4oluenesulphonyl derivative, m.p. 134-135°; 
phenyhsocyanate derivative, m.p. 182° (decomp.), 
N -methyl derivative, m p. 262--264° ; phenyl- 
lactimide, ^:Q-dibenzyl’2:5-diketopiperazine, m p. 
300° (corr.). Potassium cyanate yields dl-a- 
ureido-p-phenylpropionic acid, m.p 188-191° 
Acetic anhydride m pyndine yields benzyl- 
ace tami noacetone (Dakm and West, J. Biol. 
Chem. 1928, 78, 91). 

Metabolism of Phenylalanine. 

In normal individuals, phenylalanine is com- 
pletely destroyed in the system, but in the 
abnormal, hereditary case of alcaptonuna, com- 
plete oxidation does not occur, and it is excreted 
as homogcntisic acid (2 5 -dihydroxy phenyl- 
acetic acid, qv.). With the /-isomer conversion 
is practically complete (Papagorge, Froehlich, 
and Lewis, Proc 8oc Exp. Biol. Med. 1938, 38, 
742 ; Lanyar, Z. physiol. Chem. 1942, 275, 
217, 1943, 278, 155) but with the d-form only 
40-45% is recovered ; the conversion of the 
racemic form is also less complete (Falta and 
Langstein, ibid. 1903, 37, 613). The first step 
in the metabolism is probably the conversion to 
p-hydroxyphenylalanme (tyrosine), but a cer- 
tain amount may be oxidised to phenylpyruvic 
acid. Phenylalanine is an essential ammo-acid 
(e.g., Womack and Rose, J. Biol. Chem. 1934, 
107, 449) and cannot bo replaced by tyrosme; 
deuterophenylalanine in normal rats is converted 
mto tyrosme coiitammg nuclear deutenum (Moss 

VoL. IX.—31 


and Schoenheimer, ibid. 1940, 135, 415). Phenyl- 
pyruvic acid may replace phenylalanine (Rose, 
Science, 1937, 86, 298). 

R, B. 

PH LOR ET IN occurs in the form of its 
glucoside phloridzin, Cgi H 240^0,2 HjO, m.p. 
109°, in the bark and root bark of apple, pear, 
plum, and cherry trees. Glycyphyllin, 

m p. 175-180°, which is present in the leaves of 
Smilax glycyphylla appears to be a rhamnosido 
of phlorotm (VVnght and Rennie, J.C.S. 1881, 
39, 237 ; Rennie, ibid. 1886, 49, 857). 

Phloretin, Ci5Hi405, (I), needles, m.p. 262- 
264°, IS soluble in alkalis with a yellow colour 
and on hydrolysis with aqueous potassium 
hydroxide yields phloroglucinol (II) and phloretio 
acid which Bougault (Compt. rend. 1900, 131, 
42) showed to be identical with dihydro-p- 
coumaric acid (III). E. Fischer and Noun (Ber. 


HOr ^OH 

CO-CHgCHg^ 

I. 

HOr^^OH 


HO 


OH 


HO 

II. 


+ HOOCCH.CH. 


III. 


OH 


1917, 50, 611) synthesised phloretin by the 
hydrolysis of the kotono-imide prepared by con- 
densing acetylphloretonitiilo with phloroglucinol. 
Later syntheses are recorded by Zempl6n, 
Csuros, Gerecs, and Acz61 {ibid 1928, 61 [B], 
2486) and 8hinoda, Sato, and Kawagoe (J. 
Phaim. Soc. Japan, 1029, 49, No. 571, 123). 

It IS interesting that naringonm (5 7:4'-tri- 
hydroxyflavanonc) which is present as the 
glucoside naringm in the blossoms of Citrus 
decumana yields phloretin on catalytic reduction 
(Franck, Chem. Zentr. 1914, ii, 253 ; Rosen - 
mimd and Rosenmund, Ber. 1928, 61 [B], 2608 ; 
see also Asahma and Inubuse, ibid. p. 1514). 

Phloridzin. — On methylation with diazo- 
mothano, phloridzin yields a tnmethyl deriva- 
tive from which, by hydrolysis with acid, glucose 
and phloretin tnmethyl ether (2-hydroxy-4:6- 
dimethoxyphenyl jS-p-methoxyphenylethyl ke- 
tone) are obtamed ( Wessely and Sturm, Monatsh. 
1929, 53/54, 554 , Johnson and Robertson, 
J.C.S. 1930, 21). Phloridzin, therefore, has the 
structure . 




CO CH. CH 


HO 


OH 


By methylating phloridzin tnmethyl ether, m.p. 
75-76°, with methyl iodide and silver oxide, 
Muller and Robertson {ibid. 1933, 1170) obtamed 
a syrupy heptamethyl ether which on hydrolysis 
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yielded phloretin trimethyl ether and 2 3.4 0- 
tetramethylglucose, indicating that phlondzin 
18 a j8-glucopyrano8ide. This was confirmed by 
the synthesis of trimethylphloretin jS'glucoside 
(>S'ec Moclwyn-Hughes, J. Gen Physiol. 1930, 
13, 807 ; Bridel, Bull Soc. Chim biol 1930, 12, 
921 ; and Weidenhagen, Z. Ver. deut. Zucker- 
Ind. 1931, 81, 125.) 

Zompl6n and J^ognar (Ber 1942, 75 [B], 1040) 
synthesised phlondzin by the action of aceto- 
bromoglucose on 4-benzoylphloracctophenone in 
aqueous acetone m presence of potassium 
hydroxide at room temperature; the resulting 
2-d-gluco8ido-4-benzoylphloracetophenone tetra- 
acetate was condensed with p-hydroxybcnz- 
aldehyde under the influence of potassium 
hydroxide to naringenm 6-glucosido which on 
catalytic hydrogenation yielded phlondzin. 

For the spectrographic study of phloretin and 
phlondzin, see Lambrechts (Conipt rend. 1933, 
196,295; 1934,198,1852). 

Thermal decomposition of phlondzin hepta- 
acetate gives j3-glucoso penta-acetato and 5- 
hydroxy - 7 - acetoxy - 4 - [j3 - (4' - acetoxyphenyl)- 
ethyl] coumann (Jerzmanowska and Klosowna, 
Rocz. Chem 1938, 18, 234). 

Accoiding to Bndcf and Kramer (Compt. 
rend. 1931,193,748, Bull Soc. Chim. biol 1933, 
15, 531) phlondzin is present in the leaves of 
Kalmia latifoha. 

Asebotm, CgaHaeOio* ^^*P* 148°, [a]^^ -46-2° 
in absolute alcohol, which is present m the leaves 
of Andromeda japovica Thunb., js phlondzin 
4-methyl ether (Tamura, Bull Chem Soc 
Japan, 1936, 11, 781 ; Zempl(3n and M ester, Ber 
1942, 75 [B], 1298). 

E. J C. 

PHLORIDZIN (v, pHLoiiETiN, this Vol , 
p. 481c). 

PHCENICEIN (v. Phcenin, ^w/ra). 

PHCENIN, C14H1QO7, IS found in the bark 
parenchyma cells of purple wood (Copaifera 
bracteata) and crystallises from watoi in minute 
colourless noodles or rods which on exposure to 
air become slightly violet. By heating for an 
hour at 150-160°, or by the action of dilute 
acids, phcenin is converted quantitatively into 
the red colouring matter phoenicein with elimma- 
tion of 1 mol. of water. 

Phoenicem, Ci 4 Hi 40 ,. minute rods darkening 
at about 190°, is soluble in alkalis with a blue 
colour which becomes violet and finally brown 
When treated with nitric acid it yields trinitro- 
resorcinol and carbon dioxide, and the latter is 
also elimmated by dry distillation or by the 
action of alkali. Acetylphoenicein, obtained as 
a yollowish-white powder by the action of acetic 
anhydrido, appears to contain three acetyl 
groups. The following is thus suggested as a 
possible formula for phcemcein : 

HOC=CHCH O CHCHiCOH 

H:CH<!:h CH(COgH) c!:h ch.I:oh 

Purple wood yields approximately 2% of 
phoenicem (Kleerekoper, Chem. Zentr. 1901, n, 
858, 1086). 

E. J. C. 


PHOLEDRINE. a-p- Hydroxy phenyl-jS- 
methylaminopropane “ Venlol ” Circulatory 
stimulant. B P C (Supp HI, App XIV) (v. 
Synthetic Drugs) 

S. E. 

PHOSPHATE ROCK or PHOSPHO- 
RITE. The phosphate minerals of commerc lal 
importance contain calcium tiibasic phosphate 
as their mam constituent They include apatite, 
a crystalline mineral of widespread occurience 
m Igneous and metamorphic rocks, and the 
amorphous or sub-microcrystallme hydrous cal- 
cium phosphates found m sedimentary rocks of 
various geological ages. The phosphatic con- 
tent of rocks may be stated as percentage of cal- 
cium phosphate (sometimes called bone phos- 
phate of lime, or briefly B P L.), or m teims of 
equivalent phosphorus pentoxide (P20ri) Phos- 
phate rock as mined vanes greatly in com- 
position, ranging from 25 to 90% Ca3(P04)2, 
or 10-40% P2^6* ^ typical commcKial sedi- 
mentary rock phosphate from Florida, when 
cleaned, contains (approximately) Ca3(P04)2 
70, FeaOg-f AI2O3 6, SiOg 6, and F 2% 

Sedimentary rock phosphate, or phosphorite, 
occurs m two forms m thick beds, usually of 
high phosphatic content ; and in layers of 
nodules, commonly of lower phosphatic grade. 
The bedded phosphates are generally mtoi- 
stratified with calcareous formations, and may 
themselves eontain much calcium caibonato 
Richer vaiieties are often oolitic or concretionary, 
dark coloured rocks, sometimes with a whitish 
cflloresccnce , the poorer kinds may be desenbed 
as phosphatic marls, limestones, or sands. 
Specimens vary from granular, loosely con- 
solidated material to hard, dense varieties some- 
what resembling chalcetiony. They range in 
hardness from 2 to 5, but aie usually harder than 
limestone, and slightly heavier The colour ot 
phosphorite vanes from white, through giey and 
brown to almost black, the darker tones being 
commonly associated with a higher content of 
organic matter, which may reach 10%. 

In addition to the extensive sedimentary phos- 
phorites, such as those of Florida, Tennessee, 
Algeria-Tumsia, and Morocco, there are high- 
grade phosphate deposits in several islands of 
the Pacific and Indian Oceans. These consist 
of coral limestones that have been conveited 
mto phosphate rock by the infiltration of phos- 
phatic solutions derived by the leaching of over- 
lying beds of guano, the excrement t)f sea-birds. 

Sedimentary phosphates consist mainly of 
amorphous or crypto-crystalluie minerals, of 
which coUophamtey Ca3(P04)2,H20, is a 
principal species. X-Ray diffraction patterns 
also indicate the common presence in phos- 
phorites oi fluorapatite, hydroxyapatite, slaffeUte, 
and dahhte ; in the last two minerals the 
fluorine of fluorapatite, Ca5F(P04)3, is partly 
or wholly replaced by the carbonate radical, 
whilst m hydroxyapatite all or most of the 
fluorine is replaced by OH. Recent American 
mvestigators assert that the phosphate of all 
commercial varieties of phosphate rock mined 
throughout the world is an apatite -like mmeral 
and mostly is fluorapatite or hydroxyapatite. 

The term phosphate rock, as used in the trade, 

I includes deposits of igneous origm which are rich 



PHOSPHORUS. 


483 


in the mineral apatite, Ca 5 F(P 04)3 with traces 
of chlorine Immense bodies ot ciystallinc 
granular apatite are now being exploited in the 
Kola Peninsula, near Kirovsk, U.S.S H , where 
the phosphate rock occurs as a great lens withm 
alkaline igneous rocks. 

A ready field test for phosphorus can be made 
by adding a few drops of a nitric acid solution 
of ammonium molybdate to a freshly bioken 
suifcice of the rock, which quickly becomes 
(oated witli a film of yellow ammonium phos- 
phomolybdate if any phosphate is present. 

The average world production of phosphate 
rock (including apatite) during 1934-38 was 
11,200,000 tons. This was obtained as follows* 
U 8.A 31% (mamly from the “ land pebble ” 
deposits of Florida, and the residual “ brown ” 
ro(*ks of Tennessee) , U.S S.R. 18% (chiefly 
from the Kola apatite deposits) , Tunisia 15% , 
French Morocco 12%; Ocean and Nauru 
Islands 8% , Algeria 5% , Egypt 4% , Japanese 
Islands 2% ; Christmas Island 1 4% ; others 
3 0%. 

About 90% of the total production of phos- 
phate rock 18 utilised for making fertiliser 
Ordinary superiihosphate, made by treating the 
law phosphate with sulphuric acid, contains 
about 18% of P 2 O 5 in soluble form, but double 
and tuple superphosphates made by treating 
the raw material with phosphoric acid have a 
range of 40-60% of water-soluble P 2 O 6 For 
the cultivation of certain crops tlio place of 
Hiipcrphosphato may to some extent be taken in 
the future by the “ Rhonania,” or high- tempera- 
ture phosphates formed by fusing or sintering 
mineral phosphate with sand and soda at a 
temperatuie high enough to eliminate fluorine 
The resulting soda-hmo silico -phosphate has a 
high ciinc-acid solubility, the total available 
PgOg amounting to about 25% of the material 

Small amounts of phosphate rock are used for 
the production of elemental phosphorus, phos- 
phoric acid, tnsodium phosphate, and other 
phosphorus chemicals, and in the manufacture 
of safety matches, baking powder, stock food, 
etc A considciable tonnage of the raw material 
IS also required 111 blast-furnaces for the making 
of feiiophosphorus, and phosphor-bronze is a 
widely -used alloy. Some colloidal phosphate and 
finely pulverised phosphate rock is employed 
for dire( t application to the soil as a fertiliser. 

Reference — “Industrial Miiicials and Jlocks,” 
Aiucrictin Institute of Mining and Metallurgical Engi- 
neers, ^ orlv, 1937, Chap XXXIII, by 11 8 

Martin and J Wilding (brief riJsumd and bibliographv) 

D. W. 

PHOSPHORUS. 

Synopsis. 

I Elemental Phosphoru^t (p 483c) Isotopes Allo- 

tropic foiins Cheniical ])roperties Phos- 
phorus \ai)oiir, molecular constants, and 
thormocKnainic functions White phos- 
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I. ELEMENTAL PHOSPHORUS. 

Sym. P. At. wt. 30 98. Isotopes: One 
stable, JJP, with nuclear spin J Bohr unit ; two 
unstable, JJP, half-life 3 2 mm , omits positrons ; 
fgP, half-life 14 3 days, omits electrons. 

Allotropic Forms. — Ordinary white phos- 
phorus crystallises in the cubic system. At 
—77° under atmospheric pressure there is 
leversible transformation to a second, slightly 
denser, form of white phosphorus (hexagonal 
modification). Crystalline black phosphorus, 
orthorhombic, density 2*69-2*70, is formed by 
heating to 200°o. under 12,000 atm. It resembles 
graphite in appearance, and has a specific con- 
ductance of 1 4 ohm"“^ at room temperature, 
increasing at higher temperatures. The thermal 
conductance also increases with tempera tunx 
I’ho discovery of these two allotropes is duo to 
P. W. Bridgman’s investigations at very high 
pressures (J. Amor. Chem. Soc. 1914, 36, 1344) 
Crystalline black phosphorus is the densest, anil 
chemically the least reactive of the allotropes 
A black phosphorus has also been obtained from 
white at room temperature, by application for 
a short time of 100,000 atm. pressure. This 
reverted to white phosphorus on keeping at 
ordinary pressure (P. L. Gunther, P Gesoll, and 
W. Rebentisch, Z anorg. Chem. 1943, 260, 373). 
The stability of black modifications of phos- 
phorus relative to other forms awaits clarifi- 
cation. An amorphous variety of black phos- 
phorus, density 2 25, is also obtained by heating 
white phosphorus under pressure (R. B. Jacobs, 
J. Chem. Physics, 1937, 5, 945). 

White phosphorus, protected from air and 
hght, remains unchanged mdefinitely at ordinal y 
temperatures. When heated under normal or 
not very high pressures to about 200^o» (or even 
100°c. in the presence of an active catalyst sucli 
as phosphorus di-iodide) it changes slowly into 
a bright red form. The white phosphorus may 
be molten or in solution; in phosphorus tn- 
bromide, for example, which is both a solvent 
and a catalyst, red phosphorus slowly forms at 
the boilmg-point of the solvent. A similar red 
form 18 produced by the action of hght or X-rays. 
The colour, density, and reactivity of red phos- 
phorus, even when produced without the inter- 
vention of solvents or catalysts, are to some 
degree a function of the conditions (temperature 
and time) of the transformation (v. Phos- 
phorus, Manufacture, p 497d). Some authors 
refer to violet phosphorus, and this is a closer 
description of the colour of the chemically fairly 
stable material made commercially. 
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Red phosphorus is chemically less reactive 
than white, except under circumstances where 
the small specific surface of molten white phos- 
phorus IS the obvious explanation of the con- 
trary observation. It is denser, has a much 
lower vapour pressure, and is almost msoluble 
even m solvents which freely dissolve 'v^hite 
phosphorus; m these respects red phosphorus 
resembles black. The marked differences be- 
tween white phosphorus and the coloured 
allotropes are associated with a major difference 
of molecular structure. White phosphorus is 
composed of P4 molecules, tetrahedral m shape, 
each atom being symmetrically linked to three 
others. The atomic distance is 2-21 a. (L. R. 
Maxwell, S. B. Hendricks, and V. M. Mosley, 
%h%d, 1936, 3, 699). The only forces acting 
between these non -polar molecules are of the 
van der Waals type, and in solution, in the 
molten state, and in the saturated vapour at 
least up to 700°o. an adequate description of the 
molecular state of white phosphorus is that it 
consists of stable and unassociated P4 molecules. 
Black and red phosphorus, on the other hand, 
are high polymers In crystaUme black phos- 
phorus the atoms are co-valently linked in 
extended networks or layers, and crystalhno red 
phosphorus has a similar structure. The atomic 
spaemgs have been studied by X-ray diffraction 
(R. Hultgren, N. S Gingrich, and B. E. Warren, 
%b%d. 1936, 8, 361 ; C. I). Thomas and N. S. Ging- 
iich, ibid 1938, 6, 659) 

Chemical Properties of Elemental Phos- 
phorus. — Phosphorus, especially white phos- 
phoius, is a very reactive element It combines 
directly and often vigorously with most other 
elements , exceptions are carbon, boron, silicon, 
and the rare gases, possibly also titanium, zir- 
conium, lead, bismuth, and mercury. With the 
halogens and with oxygen reaction is spon- 
taneous and highly exothermic. With sulphur, 
and with the alkali metals, vigorous reaction 
starts below 250°o. Metals in general form phos- 
phides (q.v,) by heatmg in phosphoius vapour 
or with red phosphorus. In many instances, 
including iron, nickel, copper, and platinum, 
the mass may become incandescent. Gaseous 
atomic hydrogen and nascent hydrogen form 
phosphine; molecular hydrogen reacts with 
phosphorus under pressure at 360°c. Binary 
compounds of phosphorus with all other ele- 
ments except the rare gases are known or must 
be presumed by analogy. 

Characteristic of the chemical behaviour of 
elemental phosphorus is its strong reducing 
action. Water at high temperatures and pres- 
sures is decomposed by white or red phosphorus, 
with formation of oxyacids of phosphorus and 
phosphine and hydrogen. Alkalme solutions 
attack white phosphorus slowly even in the 
cold (v. Hypophosphites, p. 501 d). White phos- 
phorus precipitates metals such as copper, silver, 
and others electrochemically less positive, from 
solutions of their salts Physiologically, white 
phosphorus is a strong poison ; red phosphorus 
IS mert. 

The oxidation of white phosphorus is accom- 
panied by remarkable phenomena which have 
been the subject of many mvestigations but are 
still interpreted only with the aid of speculation. 


White phosphorus, in moist air at room tem- 
perature, glows brightly with a greenish light. 
The glow mtensity is parallel to the rate of 
oxidation of phosphorus, and it is attributed to 
reactions in which phosphorus vapour is con- 
cerned. The ladiation extends into the ultra- 
violet region The glow is destroyed or 
diminished by many organic vapours (ethylene, 
turpentine, lodobonzene) and many other sub- 
stances, notably phosphine. There is a definite 
upper hmit to the partial pressure of oxygen m 
which phosphorus will glow, the limit bemg a 
function of temperature and of water vapour 
content. For example, at 15*^0. the hmit for 
oxygen saturated with water vapour is 600 mm. 
Only a trace of oxygen is required to produce 
the glow m carbon dioxide or hydrogen chloride. 

Besides the upper pressure-limit for the glow 
there is a lower limit to the oxygen pressure or 
partial pressure at which phosphorus vapour 
will oxidise The lower limit is a function of 
temperature, partial pressure of phosphorus 
vapour, presence of inert gases, shape and size 
of reaction vessel. The discovery and investi- 
gation of this pressure limit by J. Chariton and 
Z. Walta (Z. Physik, 1920, 39, 647) and N. 
Semenov {tbtd, 1927, 46, 109) played an im- 
portant part in the development of the kinetic 
theory of chain reactions in gases. 

Associated with the low temperature oxidation 
of phosphorus under glow conditions are also the 
production of ions in the gas phase, and of ozone. 
The older literature on the glow of phosphorus 
and associated phenomena is reviewed by J. W. 
Mellor, “ A Comprehensive Treatise on Inorganic 
and Theoretical Chemistry,’’ Vol. VIII, Long- 
mans, 1928. A recent study of the relation 
between the glow of phosphorus and its ignition 
has been reported by F. S. Dainton and J. C. 
Bovington (Trans. Faraday Soc. 1946, 42, 377). 

The products of oxidation of phosphorus at 
comparatively low temperatures m an excess of 
dry oxygen are phosphorus tetroxide and pent- 
oxide (C. C. Miller, J C S. 1929, 1829), whereas 
burnmg m a deficiency of oxygen gives a mixture 
of trioxide and pentoxido. 

Phosphorus Vapour. — The vapour of white 
phosphorus in the neighbourhood of its boilmg- 
point consists of P4 molecules, as Dumas showed 
in 1823. At considerably higher temperatures 
dissociation to P2 molecules occurs. A careful 
study of the equilibrium P4;^2P2 was made 
by A. Stock, G. E. Gibson, and E. Stamm (Ber. 
1913, 45, 3627). Up to 700°c. no measurable 
dissociation occurs. Between 900° and l,200°o. 
the dissociation constant (expressed in atm.) 
increased from 6 46xl0“3 to 6-118xlO”L A 
statistical mechanical evaluation of AHl from 
the four equilibrium constants m this tempera- 
ture range determmed by A. Stock, G. E. Gibson, 
and E. Stamm, has been made by D P Steven- 
son and D. M. Yost (J. Chem. Physics, 1941, 9, 
403), who found satisfactorily constant at 
63,616 g.-cal. per g.-mol. of P4. Similarly, using 
a spectroscopic estimate of 8 -cah 

per g.-mol. of Pg for the further dissociation mto 
atoms, the dissociation constant at l,100°c. is 
3 6x10”^^ in agreement with A. Stock, G. E. 
Gibson, and E. Stamm’s conclusion that it is 
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immeasurably small, and contrary to the experi- 
mental work of G. Preuner and I. Brockmoller 
(Z physikal. Cliom. 1913, 81, 129). A statistical 
computation of the equilibrium P2^2P has 
been given by H. Zeiso (Z. Elektrochem. 1934, 
40, 885). 

Molecular Constants and Thermo- 
dynamic Functions of Gaseous P 4 , P 2 , 
and P. — Calculated values of the heat content^ 
heat capacity f Cp^ and Gibbs free-energy are tabu- 
lated below. The entropy for the standard state 
(298* 1°K. and 1 atm ) is also given. The evalua- 
tions are based on the following data and 
assumptions. The substances are treated as per- 
fect gases. The P atom is in a state and the 
Pg molecule is a state. The electronic 
statistical weight of the P4 molecule is unity. 
The nuclear spm contribution to the partition 
functions is excluded. The moment of inertia 
of P2 is 92 30x10-40 g.cm.2 (G. Herzberg, 
Canad. J. Res. 1940, 18, 139). The moments of 
inertia of the tetrahedral P4 molecule are 251 
X 10~4o g .cm corresponding to tho inter- 
atomic distance quoted above. The frequency 
(oe of the vibrational energy terms of Pg is 
780*34 cm and the first anharmonicity con- 
stant Xecoe is 2 804 cm (G. Herzberg, “ Mole- 
cular Spectra and Molecular Structure,” Vol. I, 
Prentice-Hall Inc., New York, 1939) ; since only 
tho first two or three levels contribute appreci- 
ably to the partition function of Pg oven at 
1,500® K , a constant* frequency (toe—2oCtOie) 
=774 8 cm.-^ has been used m the vibrational 
partition function. Tho fiequencies and de- 
generacies for P 4 are 363 (2) , 465 (3) , 606 (1) 
(see G. Herzberg, “ Infra Red and Raman 
Spectra of Polyatomic Molecules,” I), van 
Nostrand Co. Inc , Now York, 1945). These 
frequencies have been used in the harmonic 
oscillator partition function. Intel action of 
rotation and vibration has been neglected for 
both molecules. The heat content i/®, and tho 
negative of the Gibbs free energy divided by the 
absolute temperature, —Q^/T, are relative to 
the lowest energy state of the specified system 
(atom or molecule). The entropy >S^298*i 
the Gibbs free energy are for 1 atm pressure. 


Temp , 

ZZO, kg -oal per 
g -mol 

1 rp,g,-cal perg -mol 
per ®(’ 

^2 

1% 

P 2 

1*4 

' 223 

1*57 

2*24 

7 30 

14*12 

248 

1*75 

2 60 

7*42 

14*88 

273 1 

1*94 

2 98 

7*53 

15*12 

208 1 

2 13 

3 38 

7 65 

16 05 

350 

2 53 

4 24 

7*86 

16*91 

400 

2 93 

5*10 

8 04 

17*51 

500 

3 75 

6 89 

8 29 

18 08 

600 

4 58 

8 74 

8 46 

18 73 

700 

5 43 

10 63 

8 57 

19*01 

800 

6 30 

12 54 

8 65 

19 20 

900 

7 16 

14 47 

8 70 

19 34 

1,000 

8 04 

16 41 

8*74 

19 44 

1,100 

8 91 

18 38 

8 78 

19 51 

1,200 

9*79 

20 31 

8 80 

19 56 

1,300 

10 67 

22 27 

8 82 

19 61 

1,400 

11*55 

24*23 

8*83 

19 64 

1,500 

12*44 

26 19 

8*85 

19*67 


Temp , ®K 

g -cal per g -mol per ®c. 

P 

P2 

P4. 

223 

32 69 

42 89 

52 51 

248 

33 12 

43*67 

53*55 

273 1 

33 60 

44 03 

54*64 

298*1 

34 03 

44 95 

65 01 

350 

3183 

46 10 

57 49 

400 

35 49 

47 07 

59*14 

500 

36 60 

48*73 

62*11 

600 

37 51 

50*13 

64*68 

700 

38 28 

51 30 

66 98 

800 

38*94 

52 34 

69 05 

900 

39 52 

53 26 

70 91 

1,000 

40 04 

54*11 

72 64 

1,100 

40 52 

54 88 

74 30 

1,200 

40 95 

55 59 

75*67 

1,300 

41*35 

56*24 

77*04 

1,400 

41 72 

56 85 

78 31 

1,500 

42 06 

57 42 

79 51 


As 1 , g l)cr g -niol pci 

r r2. P4. 

38 99 52 10 66 95 


Heat Capacities. — Empirical equations have 
been derived by H. M. Spencer and G. N Flan- 
nagan (J. Amer. Chem. Soc. 1942, 64, 2511) from 
a tabulation of heat- content values calculated 
by D P. Stevenson and D. M. Yost (J. Chem. 
Physics, 1941, 9, 403). Tho latter are similar to 
the values given above, but some discrepancies 
m tho froo-energy values given by these authors 
made a complete recalculation necessary. For 
gaseous P2, G®=8 643H-(0 202x 10-^)^— (1 030 
xl0^)IT^, and for gaseous P4, 6^=19*227 
+ (0 509x 10“3)T~(2 975x 105)/T2, where m both 
formula? 298 1<T®k.<1,500. 

White Phosphorus, Cubic Modification 
and Liquid, Physical Properties. — M.p. 
44-25 iO 05®o./l atm. (Numeitius less accurate 
figures appear in the literature, doubtless 
chiefly because of the presence of traces of 
arsenic and sulphur which are not readily 
removed by vacuum or steam distillation. The 
high molecular lowering of tho freezing-point 
(39®) necessitates a purity exceeding 99*99% if 
the melting-point is to be reliable to within 0*l®o. 
Also, because of tho large pressure-dependence 
of the moltmg-point (0 0313°o. for 1 atm.) it is 
desirable to adopt a procedure for determining 
the meltmg-pomt which avoids stresses that may 
be present in the glass-like mass obtained 
when slightly supercooled phosphorus sohdifies.) 
Under water, the melting-point at atmospheric 
pressure of otherwise pure phosphorus is still 
withm the temperature range 44 26±0*05®o. 
Molten white phosphorus supercools readily, and 
may remain liquid as much as 50°o. below the 
melting-pomt. If the supercoolmg amounts to 
more than a few degrees, crystallisation spreads 
from a nucleus at a very high linear rate. 
Latent heat of fusion 601:]::2 g.-cal. per g.-mol. of 
P4 at the meltmg-pomt (F. E. Young and J. H. 
Hildebrand, J. Amer. Chem. Soc. 1942, 64, 839). 
Density, Solid 2^1.3079. The 

expansion on melting at atmospheric pressure 
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18 3*26%. TAquid /)J=l-76705-0 0009222(^-20) 
where 20°<f°c.<280° (St. Oobinski, Z. Physik, 
1933, 88, 129). Viscosity. An interpolation 
formula consistent with the data of St. Dobinski 
(Bull. Acad. Polonaise, 1934, A, 103) and A. N. 
Campbell and S. Katz ( J Ainer. Chem. Soc. 1935, 
57, 2061) 18 logio^? (poises) — —2 6318 — 10 07/7’ 
+ (9-00x \0^)IT\ where 290 °<T°k.<415°. Sur- 
face tension. y (dynes per cm.) =^69-70 at 50 0°r ; 
68 53 at 64 0°c., 66 95 at 60 2°c. , 64 95 at 
68*7°c (allJbO 3 unit) (E. Hutchinson, Trans 
Faraday Soc. 1943, 39, 229). The parachor of 
P4 is 205. Heat capacity, solid, white (cubic), 
C;,=21 *46+ (2*872 X 10"'2)f per g -mol of P4, 
where 0‘^<rc. <44 2°. Liquid, Cp=24 47-(9 521 
xl0-3)<-(3*927xl0-5)i2 per g -mol. of P4, 
where 25°<i°c.<97°. Both formulie are given 
by F. E. Young and J. H. Hildebrand (J Amer 
Chem. Soc. 1942, 64, 839) Vapour pressure, 
liquid. The only accurate data are those of 
D. Macrae and C C van Voorhis (ibid. 1921, 
43, 547) summnnsod by log^o ^(mm ) — 7 9542 
-2,757 6IT, where 317 °<T°k <423*= The ac- 
( uracy claimed is iO 5% from 150° to 1 00°c , and 
L5% at 44°c. Calculated from this vapour 
])ro88ure formula, the latent heat of vaporisation 
of liquid phosphorus is 12,612 g -cal. per g.-mol 
P4. Liquid white and liquid red phosphorus 
(q.v.) are believed to bo the same, and 
the formula log^o p(mm ) = 11*5694— 2,898*1/7’ 
— 1 2666 logiQ T IS given by D. Macrae and C C. 
van Voorhis (1 c ) as representing all the reason- 
ably reliable data by different investigators of 
white and rod phosphorus, in the range 
317°<7 ’°k.<907°. Vapour pressure, solid tvhitc 
(cubic) The published measurements are not 
very satisfactory. Calculation from measure- 
ments on the liquid, together with available data 
for the heat capacities of liquid, vapour, and solid, 
and the heat of fusion, is more accurate Taking 
the latent heat of vaporisation deiived from the 
two-constant formula of D Macrae and C C van 
Voorliis (v supra) as applying best to the middle 
of their temperature range, and utilising thermal 
data already quoted, the latent heat of vapori- 
sation of solid white phosphorus (cubic) is cal- 
culated to bo 13,570 g -cal. per g -mol of P4, at 
the melting-point. Introducing additionally the 
heat capacity of solid white phosphorus (cubic) 
the Clausius-Clapoyron equation can bo inte- 
grated from the melting-point (at which the 
vapour pressure is equal to 0 181 mm , from 
the vapour pressure data for the liquid) over the 
range of validity of the expression for the heat 
capacity of the solid The resulting expression 
containing five terms does not differ numerically 
by as much as 1% from the simpler formula 
\ogiQp(mm)=S'10li—2,{}9G2IT, whore 273° 
<7 ’°k.< 317*3°. Some of the measurements of 
M. Centncrszwcr from 20° to 40°c. (Z. physikal 
Chem. 1913, 85, 99) are consistent with this, but 
those of K. Fischbeck and H. Eich (Z. aiiorg 
Chem. 1937, 235, 83), particularly in the lower 
half of their temperature range 0-20°o., are con- 
siderably smaller. 

Solubility of White Phosphorus — Phosphorus 
is almost insoluble in water. It is extremely 
soluble in carbon disulphide (31 40 at — 10°c, 
81*27 at 0°o., 89*8 wt.-% of P at 10°c.). It is 
soluble m many, probably m most, organic 


liquids to a small extent. The following are in 
g per 100 g. of solvent .* benzene at 20°c., 3 2 , 
at the boilmg-pomt, 10 03 ; paraffin at 15°c , 
1 5 , diethyl ether at 20°c., 0 9 ; ethyl alcohol 
at 20°c., 0 3 , glycerol at 15°c , 0 25. 

Applications of Radioactive Phos- 
phorus. — The isotope J^P, w^ith a half-life of 

14 3 days, has been used as a tracer in analytical 
work (A. Langer, J. Physical Chem 1941, 45, 
639) and for studymg the facility of interchange 
of phosphorus atoms between molecules, for 
example in ortho-, pyro-, and meta-phosphates 
(D. E. Hull, J. Amer. Chem. Soc. 1941, 63, 1269). 
An interesting example of its use to investigate 
the mechanism of a chemical reaction is E 
Chargaff’s work on the ap isomerisation of 
glycerophosphates (J. Biol Chem 1942, 144, 
455) Numerous applications of J^P as a tracei 
in biological work (G. von Hevesy, Enzymologia, 
1938, 5, 139, and J.C S 1939, 1213) include rate 
determinations for phosphorus metabolism, up- 
take by bone tissue, and the formation in the 
body of particular organic phosphorus com- 
Iioiinds It appears that phosphorus is selec- 
tively concentrated m certain parts of the body 
where growth and now cell formation are most 
active. A new method of treating some 
diseases is thus available, by selective radiation 
of the absorbing tissue (\V. E Chamberlain, 
Chem Eng. News, 1916, 24, 1352) 

IT MANUKACTUHE OF WHITE 
PHOSPHORUS 

Although white phosphorus had been sold tis a 
curiosity from the time of its discovery, manu- 
facture as a serious commercial venture did not 
start before about the end of the first ciuarlci 
of the nineteenth century The first production 
was m Franco and (Germany In England 
Arthur Albiight established manufacture in 
1844, at Birmingham. Until the end of that 
century the chief uses were in the making of 
matches and pharmaceutical chemicals. 

From the eaily yeais of the present ccntui v, 
and to a continuously increasing extent, ele- 
mental phosphorus has been burnt to phos- 
phorus pentoxide. Either simultaneously or 111 
a subsequent step the pentoxide is hydrated to 
concentrated phosphoric acid, from which is 
made a large fraction of the industrially useful 
phosphates and some phosphate fertiliser; the 
scale of present-day manufacture of phosphorus 

15 controlled by those outlets 

Early Manufacture. — The oailiest manu- 
facturing process for obtaining phosphorus from 
calcium phosphate (bone ash oiiginally, later 
phosphate ore), which was employed for very 
many years but is now only interesting his- 
torically, took advantage of the comparative 
case of reduction of phosphoric and by making 
first the acid from sulphuric acid and calcium 
phosphate. The phosphoiic acid, concentrated 
by evaporation, was mixed with sawdust, char- 
coal or coke, and the mixture dried and charred. 
The product was charged into bottle-shaiied fire- 
clay retorts set in a coal-fired buck furnace. At a 
temperature approaching white heat phosphor u^ 
distilled out and was condensed under water : 
4HP03+12C-2Ha4-12C0+P4. 
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The article entitled Phosphorus in Vol. IV of 
the 1913 edition of this Dictionary contains an 
authoritative and detailed description by J. B. 
Headman of this early process 

The economic disadvantages of the earlier 
process had been conspicuous for many years 
before it was superseded. Changes obviously 
desirable wore elimination of use of sulphuric 
acid, and a fiiinace that would work con- 
tinuously. Both are achieved by heating a 
mixture of oah ium phosphate, silica, and carbon 
to white heat, as first proposed by F. Wohler 
(Pogg Annalcn, 1829, 17, 179) 

CHq P 20g“l“ 3Si 02~f" 5C 

— SCflSiOg-f-SCO-f" J P^ 

The calcium oxide is eliminated from the system 
as molten calcium silicate and uninterrupted 
operation of the furnace becomes feasible. (In 
the absence of an acidic flux such as silica oi 
alumina, higher temperatures are necessary, and, 
depending upon the conditions, calcium phos- 
phide or carbide is formed, but cannot readily bo 
slagged out of the furnace ) The necessary heat 
IS supplied cillier by burning excess fuel, as in 
the blast-furnace mctliod, or elcctiically The 
industi lal use of silica as a flux was foreshadowed 
in 18()7 by Aubertin and Bobliquo (F.P 77451) 
and the idea of i educing pliospliate by means oi 
a blast furnace was the subject of B.P. 3515, 
1898 (to Bnson), 159.3, 1870 (to Aubertin), ami 
49, 1879 (to Servo) The earliest serious practi- 
c.il attempt (although only on a pilot-plant scale) 
to use the principle of the blast furnace seems to 
have been about 1887 by J B Roadman, in the 
neighbourhood of Edinburgh, the effort was 
unsiu cessful bc( auso the temperatuio could not 
be Kept high enough to get the .slag sufficiently 
fluid. 

The Phosphorus Blast Furnace. — The 
expciimcntal difficulties of full-scale phosphorus 
inanufac hire by the blast-furnace principle were 
o\eicomc in the U.8.A , and one or two phos- 
phonis blast furnaces have been worked in that 
countiy. An illustrated description of pilot 
plant work and full-scale design and operation 
of a blast furnace built at Nashville, Tennesse, 
by the Victoi Chemical Co has been given by 
11 W. Easterwood (Trans Anier Inst Chern 
Fng. 1933, 29, 1). This furnace had a capacity 
of 15,000 tons of phosphorus per year in the 
form of “ furnace gas ” consisting principally of 
j)hosphorus vapour, carbon monoxide, and 
nitrogen. The furnace gas carried some silica 
and caibonacoous dust which was removed by 
jiassage through a series of dust collectors. The 
treatment of the clean furnace gas was to cool a 
proportion of it by water sprays, separating 
molten phosphorus under hot water, and to 
burn the remainder The gas to be burnt was 
fUvided into two streams, part being burnt in 
heat exchange stoves which served to preheat 
the air-blast for the furnace to 600-700°c., the 
remainder being burnt in steam-raising boilers, 
l^he gaseous combustion products carrying 
phosphorus pentoxidc vapour were hydrated 
and cooled by internal evaporation of water ; a 
mist was produced from which phosphoric acid 
was collected partly in the hydrator itself, partly 
m the connectmg mams, and finally by electro- 


static precipitation. The acid obtained in this 
plant, although more concentrated (up to 90% 
H3PO4) than phosphoric acid made by the 
“ wet process ” (c infra) was much less pure 
than acid made by separating the phosphorus 
first and burning it in a separate stage. Typical 
analytical data are: P2O5 54 88, (Fe and 
Al) PO4 0 13, SO, 0 01, total bases 0 60% 

The blast furnace was charged with skip-loads 
of dried bncpiettos of ground phosphate rock 
mixed with about half the caibon stoicheio- 
metncally reipiired for i eduction of the phos'- 
phate , mixed with the briquettes were silica 
(gravel) and coke The overall weight ratio of 
silica to lime m the materials fed to the furnace 
was adjusted so that the slag had a lime to silica 
weight ratio of 12 to 1, because experience 
showed that trouble from volatilised silica was 
reduced thereby Slag was tapped hourly. 
Almost the whole of the iron content of the ore, 
gravel, and coke was reduced to ferrophosphorus 
(containing 20-25% of P) and this was tapped 
twice daily. The silicate slag contains about 1% 
by weight of phosphorus, partly in the form of 
calcium silictiphosphate, partly as suspended par- 
ticles of ferrophosphorus. Fluoiino is contained 
in the furnace charge because the phosphate ore 
IS normally closer m composition to fluorapatite, 
CaF2,3Ca3P20f<, than to tncalcium phosphate. 
The greater pai t of the fluorine was found m the 
blag, but some was volatilised as S1F4. The 
deliberate use of hydrofluosilicic acid dissolved 
out of the moist furnace gases after spray cool- 
ing, to promote breakdown of the emulsion of 
condensed phosphorus droplets, is described in 
G.P. 634949, 1032 (to IVIetallgesellschaft) ; it 
arose from trouble encountered during the brief 
operation of a blast furnace m Pembroke, 
Florida. 

The yield of volatilised phosphorus was as 
high as 95%, and the yield as phosphoric acid 
was up to 90% of the total phosphoius content 
of the furnace charge. No phosphorus blast 
furnace has been operated on a commercial scale 
m the United Kingdom, and published informa- 
tion is virtually restricted to the article by 
Eastci wood. 

At the present time in all countries most, if 
not all, of the phosphorus, and phosphoric acid 
or phosphates so far as these are derived from 
phosphorus, are produced electrothormally. It 
cannot bo concluded that the blast furnace is 
necessarily inferior to the electric phosphorus 
furnace. Decisive economic factors are the costs 
of transported phosphate rock, and of energy ; 
development of low-priced hydroelectric power 
during the last two decades, particularly 111 the 
Tennessee Valley, has been accompanied by con- 
siderable growth of electrothermal phosphorus 
production in the U.S A. Another influential 
factor IS the circumstance that a phosphorus 
blast furnace has to bo large in order to bo 
economical, whereas electrothermal phosphorus 
units are only marginally less efficient at a 
capacity of 2,000 tons of phosphorus per annum 
than at 20,000 tons This gives a flexibihty to 
the scale and capital cost of electrical manu- 
facture well suited to recent conditions of change 
in the total requirement of phosphorus as an 
mtermediate for chemical manufacture (as 
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distinct from phosphate fertiliser manufacture). 
Moreover, in most countries where only the 
fertiliser scale of manufacture could justify so 
large a phosphorus unit as an efficient blast 
furnace, the situation has been dominated by 
the alternative process for making phosphate 
fertilisers, namely reaction of phosphate ore with 
sulphuric acid (superphosphate or triple super- 
phosphate). However, it is reasonable to expect 
that progressive techmeal integration of heavy 
chemical manufacture may alter the balance of 
cost factors and therefore the choice of method ; 
one possibility which has been consideicd is the 
improvement of the performance of the blast 
furnace by supplying it with oxygen enriched 
air, whilst collaterally utilising the nitrogen 
enriched air. 

Electrothermal Process. — The earliest 
patent protecting the use of electrical energy for 
producing phosphorus was granted in England, 
to J. B Roadman, in 1888 , T. Parker and A. E. 
Robinson apphed for letters patent a little later 
in the same year. Roadman tried out his ideas 


m con j* unction with the Cowles Co., Ltd., near 
Stoke-on-Trent, and Parker and Robinson (the 
Electric Construction Co., Ltd.) experimented 
independently, near Wolverhampton. About 
1891 a now phosphorus factory was constructed 
near Wolverhampton as a joint venture, to'prove 
the commercial feasibility of the Roadinan- 
Parker-Robmson furnace. A number of small 
furnaces each of 60 kw were used, and a volatili- 
sation of over 76% of the phosphorus, with an 
electrical energy consumption under 10 kw.-hr. 
per lb of phosphorus was achieved. 

Although the evolution of design of electro- 
thermal phosphorus furnaces through half a 
century of experience has resulted in consider- 
able variations of detail in different works and 
dilierent countries, there are probably no im- 
portant differences of principle. It is usual to 
have several furnaces in a factory, so that the 
electrical load is not subject to a large peicentage 
change when a furnace is shut down for repairs. 
The smallest commercial units consume about 
1,500 kw , the largest at present (1946) in use 



probably about 15,000 kw. According to the 
quality of raw materials available and the size 
of the furnace, the consumption of electrical 
energy varies in the range 5 8-7 0 kw.-hr per lb 
of phosphorus produceil, including phosphorus 
in the by-product ferrophosphorus. 

Phosphorus furnaces are three-phase, and 

operate at commercially available frequencies 
with a voltage of 170-260 between electrodes 
During the past twenty years the tendency has 
been towards increased voltages, and manu- 
facturers are contemplating trials with still 

higher voltages. The electrodes are cylmdiical 
and hang vertically in the furnace. Fig 1 shows 
a section through a furnace ; in plan it is circular 
with the three electrodes symmetrically placed. 
(Phosphorus furnaces are sometimes built 

rectangular in plan, the advantage being 

simphcity of furnace superstructure, especially 
the bus-bar layout, and ease of access to the 
electrodes for renew^al.) The electrodes are 
either of the Sodorberg type, or hard carbon, 
usually the latter. Electrode currents run from 


5,000 to 30,000 amp., the large values requiring 
water-cooled electrode clamps for connection to 
the bus -bars, and carbon eloctiodcs of up to 40 in. 
diameter. As m all electric furnaces, care must 
be taken m the design of the secondary bus- bars 
to obtain minimum reactance. The furnace 
power factor usually lies between 0 90 and 0 98. 
To minimise eddy-current losses and reactance, 
sections of the furnace cover are made of non- 
magnetic matciial. The furnaces are best 
operated as constant current units and automatic 
control of the position of the electrodes {% e , 
distance of the electrode end above the molten 
slag pool) IS customary ,* for this purpose electro- 
magnetic relays are used to operate the winches 
attached to the electrodes. The relays them- 
selves are actuated by current transformers placed 
in either the primary or the secondarv circuits 
of the mam furnace transformer. Primitive 
stuffing boxes are fitted where the electrodes 
pass through the furnace cover ; on largo 
furnaces they are water-cooled. The gas 
pressure in the furnace is only a fraction of an 
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inch (water-gauge) above atmospheric, and the 
seal 111 the stuffing boxes may be made by 
asbestos or sand or slag wool. The hearth con- 
sists of hard carbon blocks which extend also 
2 or 3 ft. up the inside. Carbon is used because 
the molten silicate slag rapidly attacks refractory 
ceramic linings. The life of the hard carbon 
hearth and lining may be anything from nine 
months to several years , much depends upon 
strict attention to the correct proportion of 
carbon in the mixture chaiged to the furnace 
Usually there is a firebrick Iming outside the 
hard carbon, extending up to the top of the 
casing and under the roof. The outside steel 
shell IS sometimes water-cooled by sprays. The 
furnace shown has a single tap-hole from which 
both slag and ferrophosphorus are drawn, but 
m large furnaces a second tap-hole at a lower 
level IS sometimes used for withdrawing ferro- 


phosphorus only. Tapping is done at intervals 
of a few hours, the tap-hole being plugged with 
clay when the slag stream ceases. When slag 
and ferrophosphorus are tapped together the 
two are separated by running the molten stream 
first into a catch-pot, from which the lighter slag 
overflows into a slag pit, or into a tank in which 
it is quenched and granulated with water. 

The furnace is kept fully charged (although not 
full to the roof) by allowing the mixture to feed 
automatically down from an overhead bin 
through feed -hoppers in the furnace cover , the 
hoppers are arranged to give more or less an 
even depth of charge across the furnace. The 
feed pipes from the hoppers extend a foot or so 
below the underside of the roof, to ensure a free 
passage for the gases across to the outlet pipe. 

The flow sheet of Fig. 2 indicates the quantita- 
tive aspect of the process, when good quality 
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phosphate ore and coke are used. All in- 
gredients of the furnace charge are, if necessary, 
di led before weighing. 

Adequate porosity of the furnace feed is im- 
portant, smee a largo volume of gas must con- 
tinuously escape from the reaction zone deep in 
the furnace. The most satisfactory grading fur 
the phosphate and silica is pieces of about J in., 
whilst the coke is usually in. The coke 
and silica present no problem, but the phosphate 
from most mines is too fine or too friable to be 
used directly. It is “ sintered ” by a process 
introduced by Metallgesellschaft in 1928, the 
tempciature being raised until incipient fusion 
binds the particles into a reasonably coherent 
mass which is cooled and crushed to size, the 
undersize being returned for reheating. Plant 
for the sintering operation is a moving belt wnth 
cast iron plates, which acts as a grate (Dwight 
and Lloyd continuous sintering plant is usual). 
The phosphate rock is mixed (moist) with fine 
coke and a little clay, fed to the moving grate. 


and heated by oil or gas burners until the coke 
Ignites and bums out under forced air down- 
draught. At the present time most of the 
phosphorus furnaces in the U.S A. work on 
“ sintered ” or “ nodulised ” phosphate. (The 
latter term is applied to a heat treatment in 
rotary kihis, omitting the coke and firing by gas 
or oil ) In England and European countries the 
tendency has been to use Florida pebble phos- 
phate or Russian Kola concentrates ; the former 
can be used directly, the latter after smtering. 
From the point of view of phosphorus-furnace 
operation there is little to choose between 
sintered and pebble phosphate of comparable 
phosphorus content, and the choice turns on 
availabihty and delivered price 
It IS interesting that a substantial proportion 
(30-50%) of the fluorine is driven out of the 
fluorapatite in the sintering or nodulisiiig 
operation. The conditions unclor which fluorine 
can be more nearly completely removed from 
fluorapatite have been studied at the Bureau of 
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Chemistry and Soils, Washington. It appears 
that by the action of steam on the phosphate ore 
at l,400°c. 95% and upwards of the fluorine can 
bo removed. Silica (which is present in most 
naturally occurring phosphates, and can be 
supplemented as required) assists materially 
The phosphate product is a mixture of hydroxy- 
apatite, tricalcium phosphate, and totracalcium 
phosphate (Ca 4 p 209 ) according to the con- 
ditions employed. The following papers may 
be consulted, where also references to other work 
will be found ; D. S. Reynolds, K D. Jacob, and 
L F Rader, Ind Eng. Chem. 1934, 26, 400, 
D S Reynolds, K 1). Jacob, H. L. Marshall, 
and L F. Rader, ibid, 1935, 27, 87 , 1936, 28, 
678 ; H. L. Marshall, D. S. Rejmolds, K. 1). 
Jacob, and L. F. Rader, ibid. 1935, 27, 205 ; also 
T. P. Hignett and T. N. Hubbuoh, ibid. 1940, 
38, 1208 This work on defluorination, done 
with the object of converting the non -accessible 
phosphorus pentoxido of natural fluorapatites 
into an available form for agriculture, is also 
interesting to the phosphorus manufacturer m 
connection with the properties of the furnace 
slag; for instance, fluorine is an undesirable 
constituent which militates in some way, not yet 
understood, agamst the use of phosphorus 
furnace slag as a basis for cement clinker. 

Quartz and quartzites used in the industry 
vary from 85% SiOg upwards. The raw 
materials are continuously weighed and roughly 
mixed before being fed into the fuinace The 
chemical reaction can be approximately formu- 
lated as 

CaFa,3Ca3P208-|-9Si02+1 5C 

=-|P4+9CaSi03+CaF2H 15CO. 

Any non present in the raw materials is con- 
verted to ferrophosphorus, wdiich forms a molten 
layer under the silicate slag It is usual to kecj) 
the weight ratio of CaO to SiOgH- AlgOg in the 
slag at about unity in the inteiest of smooth 
working of the furnace. Whilst lower ratios 
give more easily fusible slags and tend to im- 
prove the yield of volatilised phosphorus, the 
advantage is offset by increase in energy con- 
sumption because of the larger amount of molten 
slag produced, and a tendency to attack the 
lining of the furnace Volatilisation of silica is 
not a serious problem in electric furnaces al- 
though the siliceous, carbonaceous, and phos- 
phate dust carried by the furnace gases causes 
trouble (unless effectively removed from the gas 
stream). The dust mixes with the condensed 
phosphorus forming a difficult material referred 
to as “ phosphorus mud ” ; this is usually 
returned to the furnaces or distilled in separate 
icsistance-hoated furnaces. 

The gaseous reaction products arc taken off 
through a wide pipe at the top of the furnace, 
to the condensers The partial pressure of phos- 
phorus vapour IS about 60 mm. corresponding 
to a dew-point of about 176°c. Arrangements 
for cleaning the furnace gas from dust and for 
condensing vary somewhat, the plant items 
utflised up to 1945 by I G, Farbenmdustrie m the 
works of the Bayeiische ytickstoffe A.-G. at 
IMesteritz in Germany are representative of 
good practice Thej^ are described in a detailed 
report on the Gorman phosphorus industry 


(B.I.O.S. Report No. 562 (Item 22), 1946). 
The gas leaves the furnace at 250-300°o., and is 
passed dry through electrostatic precipitators 
w'ell above the phosphorus dew-point. Each 
furnace is provided with a set of two electro- 
static precipitators and three condensers all in 
series, the whole being duplicated for each 
furnace by a stand-by set. The shells of the 
condensers are of metal cooled externally by 
sprays and internally by shaft-driven rotating 
metal discs which dip into a water layer at the 
bottom of the condensers. A simpler type of 
condenser, consisting of a number of vertical 
tow'crs in seiics, with internal sprays of warm 
water, is often employed. The water is kept 
above 44°c. so that the phosphorus remains 
molten and can bo run to storage tanks. At this 
stage the condensed phosphorus is at least 
99 8% pure There is always some phosphoric, 
acid in the internal condenser water because of 
slight oxidation of phosphorus in the upper part 
of the furnace and by dissolved air m the con- 
denser water. Hydrofluosilicic acid is also 
picsent since a variable proportion (usually less 
than one -third) of the fluorine m the phosphate 
rock IS volatilised as silicon tetra fluoride. 

With high-grade raw materials the >ield of 
phosphorus as element is 85-90% of the total 
(liargcd to the furnace, with a fuither 2-5% in 
the recovered ferrophosphorus. Un volatilised 
phosphoius remaining m the slag varies from 
3-6%, and there is an “ unaccounted-for ” loss 
of 2-4% 

Treatment of the Phosphorus. — Arsenic 
and sulphur are invaiiably present in the i.iw 
materials, and both are found in the plios- 
phorus, usually to the extent of 100-200 p.p m. 
There arc also traces of organic matter. For 
many purposes these impurities are unimportant, 
and the only purification of phosphorus sold as 
such is bleaching (by stirring with a hot acidified 
solution of sodium dichrornate) and filtration. 
Treatment of molten phosphorus wuth fuller’s 
earth or active carbon removes tho organic 
matter and gives an entirely colourless product 
Elimination of arsenic from elemental phos- 
jihorus IS difficult. Some reduction is effected by 
steam distillation, but the claim for complete 
removal (E. Noelting and W. Feuerstein, Ber 
1900, 33, 2684) goes too far. Partial removal can 
bo effected by vigorously shaking molten white 
phosphorus with yellow ammonium sulphide 
solution. Fortunately arsenic is quite easily 
removed from phosphoric acid and solutions of 
phosphates. White phosphorus of English 
manufacture is sold in the form of “ wedges ” 
made by casting under water into flat cylinders 
with star-shaped partitions, or as sticks made 
by casting or by drawing through glass tubes 
under cold water m the manner described by 
K. Seubert (Annalen, 1844, 49, 346). 

By-products from Electrothermal Phos- 
phorus Manufacture. — Carbon monoxide at 
80-90% purity is obtained from the condensers 
The principal impurities are nitrogen, water 
vapour, methane, carbon dioxide, hydrogen, and 
fractional percentages by volume of phosphorus 
and sulphur compounds. Part of the gas is 
sometimes used for dry mg and calcining the raw 
materials for tho furnaces. A surplus is avail- 
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able as fuel or for conversion to chemical 
products. 

Phosphorus fumace-slag, consisting essentially 
of calcium silicate, has typically the composi- 
tion : CaO 47; SiOg 42; AlgOg 5; P 2^5 
1-5-2 5, F 1-3; NagO+KgO+IVigO 2-5%; 
Mn, Ti, S, C, As in traces A variable pro- 
portion (it may be over one-third) of the ferro- 
phosphorus corresponding to the iron content of 
the raw materials remams dispersed in the slag ; 
the amount depends upon the location of tap 
holes and tapping procedure 

The slag is a potentially valuable commodity 
but a total m all countries of probably more than 
a million tons annually is dumped or used for 
road construction. Recently effort has been 
dn ected to finding outlets for it. The Tennessee 
Valley Authority has explored its use for agricul- 
ture, principally as a source of lime. Bulletin 
No 184 from the University of Tennessee Agri- 
cultural Experiment Station (1043) entitled 
“ Quenched Calcium Silicate Slag, a by-product 
Substitute for Limestone and Superphosphate,” 
by W. 11 Maclntire and S II. Wintcrberg, 
describes the production of the slag in a suitable 
form, and the results of agricultural trials. The 
slag IS quenched by high pressure water jets 
impinging on the molten stream as it falls over 
a wen, the result being a granular glassy product. 
Lime is readily released from this by hydrolytic 
action of soil moisture, and it is further claimed 
that the small phosphate content is also avail- 
able, and that the fluorine m the slag is harmless 
to plants Another use for the slag is con- 
^OIslon into “mineral wool” for insulation 
Jly less drastic quenching a cellular product 
(foamed slag) has been made, useful for insula- 
tion or as a light-weight aggiegate in concrete. 
Attempts to produce a hydraulic cement by 
raising the lime-silica ratio into the Portland- 
cement range have not been successful. It has 
been proposed to replace all or some of the 
silica in the furnaco charge by bauxite to give 
slags consisting of calcium alum mate, or at least 
containing a considerable proportion of alumina , 
such slags are claimed as hydraulic materials 
(J^ R 2b4520, 285055, and 28703G, to I G 
Far benmdustrio , G.P. 490803, to W. Schroder). 
Fcirophosphorus finds a market as a subsidiary 
ma tonal in the manufacture of steel When 
demand exceeds supply, scrap iron can be added 
to the furnace charge. If supply persistently 
exceeds demand, the phosphorus content can be 
rc(*o\ered as trisodium phosphate (U.S.P 
1888003 and 1926747, to Victor Chemical 
Works) by mixing finely ground ferrophosphorus 
w ith soda ash and heating in an air stream : 

2FePH 3Na2C03+402 

" Fe203H-2Na3P04-|-3C02. 

Another furnace by-product can be sodium silico- 
fluonde, made from the silicon tetrafiuoiido dis- 
solved out of the furnace gas in the condensers. 

Attempts to devise furnace processes which 
would combine the manufacture of phosphorus 
with other products for which an outlet exists 
on a stoicheiometrically relevant scale have 
appeared in patent specifications, but so far 
none appears to have been developed success- 
fully An interesting example is manufacture 
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of calcium carbide and phosphorus simul- 
taneously by the reaction 

0^3 ( P 04 ) 2 + 1 4C=3CclC2+8CO^-^P4 

(G.P. a2838, 1895, to H Hilbert and A. Fiank). 
It is claimed that the calcium carbide, although 
unsuitable for acetylene manufacture (it con- 
tains calcium phosphide), can be used for making 
calcium cyanamide. 

III. MANUFACTURE OF PHOSPHORIC 
ACID. 

Conversion of Phosphorus to Phos- 
phoric Acid. — In some plants the whole furnaco 
gas after removing dust is burnt ; in others the 
phosphorus is condensed and burnt separately. 
The latter is the more usual at the present time. 
If the by-product carbon monoxide is used for 
its fuel value only, there is not necessarily any 
economy over the more direct process of burning 
the g.is <ilong with the phosphorus vapour. TIk* 
utilisation of the heat of combustion of both 
phosphorus and carbon monoxide, together or 
separately, is a problem of chemical engineering 
design and of the balance botw^ceii the cost ami 
usefulness of steam on site versus capital amorti- 
sation Until recently the recovery of the heat 
from combustion of phosphorus or furnace gas 
has been lather unimportant, but latterly the 
growth of the phosphorus industry together with 
its increasingly competitive character and the 
rising cost of coal is directing attention to the 
economy possible. 

When the phosphorus is isolated and burnt 
separately, two procoduros are possible. The 
I phosphorus can bo burnt in excess dry air, and 
I the anhydride vapour condensed to the familiar 
white powder, which is then hydrated in a 
separate stage. Alternatively the hot gaseous 
piodiict of phosphorus combustion in air can be 
treated directly with steam or \vater sprays 
Both methods have been used successfully. The 
condensation of phosphorus pcntoxide vapour 
to a satisfactory “ snow ” involves unusual 
problems of heat transfer Large volumes and 
areas of condensation space seem to bo neces- 
sary. B.R. 197863 (to R. Thrclfall) indicates 
some of the factors involved. When the hot 
gaseous pioducts of combustion are hydrated 
directly, a mist of phosphoric acid droplets is 
formed, which can be separated from tlie accom- 
panying nitrogen by filtration at high linear 
rates of flow through packed towers (W. H. 
Baskorvill, Trans. Amor. Inst. Chein. Eng 1941, 
37, 83) or by electrostatic precipitation A 
diffcront method, avoiding formation of acid 
mist, is absorption of the hot phosphorus pent- 
oxide vapour into concentrated phosphoric acid, 
which 18 cooled and re-cycled through the ab- 
sorption tower wuth continuous addition of the 
stoicheiometrically needed water and takc-ofl* 
of concentrated acid (J. H. Walthall and M. M. 
Striplin, Ind. Eng Chem. 1941, 33, 995). The 
engineering difficulties encountered m the design 
of large-scale plant for converting phosphorus 
to phosphoric acid have been serious because of 
the higli temperature and corrosive nature of the 
acid. Reference may be made to papers 
already mentioned and to H. A. Curtis, Trans, 
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Amer Inst. Chem. Eng. 1935, 31 , 278; H. A. 
Curtis, Chem. Met. Eng. 1935, 42, 320; H. A. 
Curtis and A. M. Miller, ihid. 1936, 43, 408; 
H A. Curtis, A. M Miller, and R H Newton, 

1938, 45, 193; U.S.P. 2272402, 1942, to Mon- 
santo Chemical Co. 

The possibility of preferentially burning the 
phosphorus vapour m the furnace gas to phos- 
phorus pent oxide without oxidising much of the 
carbon monoxide has been examined by G L. 
Ercar, E F Ogg, and 1*. H. Hull (Canad Chem 
1942,26, 268) and appears to be feasible. G P 
4495^5 and 475128 (to W Kybci) claim the 
application of this effect to the production of 
phosphoric acid and high-grade generator gas, 
by mixmg with the gas obtained from a phos- 
phorus blast furnace just sufficient air to oxidi&o 
the phosphorus only. The proposal is extended 
to the oxidation of phosphorus vapour at high 
temperature by carbon dioxide, wIik h is reduced 
to carbon monoxide. A cognate question is the 
nature of tlie gas-phaso equilibria among the 
species Pg, P4, P4O6, (P204)n, P4O10. and CO 
and COg, which has been examinocl in a pie- 
liminary manner by E. V. Bntzke and N. E 
Pestov, Trans. 8ci. Inst. Fertilisers (USS R.), 
1929, No 59, 5, and by P. H Emmett and J F. 
Schultz, Ind. Eng Chem 1939, 81, 105 (bn- 
trary to claims in several patents that phos- 
phorus vapour can be completely oxidised by 
carbon dioxide to phosphorus pcntoxido, it is 
clear from the work of these authors that the 
reaction (in the neighbourhood of l,000°o.) tends 
to an equilibrium involving (P204)n as well as 
P4OJ0. Emmett and Schultz, however, show 
that if the P4OJQ is removed from the gas phase, 
as for example by reaction with calcium phos- 
phate to form calcium metaphosphate, complete 
oxidation to quinquo valent phosphorus is 
possible, and they suggest the possible appli- 
cation of this to the simultaneous production of 
a concentrated fertiliser and hydrogen by inter- 
action between the carbon monoxide and water 
vapour, and re -cycling the carbon dioxide from 
the water-gas conversion. Reference may be 
made hero to a description by H. A Cuitis, 
R L Copson, A. J Abrams, and J N Junkins 
(Trans. Amer. In&t. Chem. Eng. 1938, 34, 287) 
of the full-scale production by the Tennessee 
Valley Authority of calcium motaphosphate, 
employing, however, the gaseous product of 
combustion of phosphorus alone in air. The 
manufacture of calcium metaphosphate in this 
way was introduced by the Aussig Verom m 
1929 (Czech. P 38892 ; F.P. 712589). 

Treatment of the Phosphoric Acid. — 
All variants of the phosphorus combustion pro- 
cess give hot concentrated acid in the first 
instance, which is bleached, if necessary, before 
cooling, de-ar^cnicated, and filtered and diluted 
to a definite concentration. 

Methods of de-arsenication applicable to con- 
centrated acid include • (a) treatment with 

hydrogen sulphide or sodium sulphide, preferably 
at 70-80°c. To avoid having the whole volume 
of the viscous acid to filter the I G. Farben- 
industrie (B.I.O.S. Report No. 562 (Item 22), 
p. 41) add mineral oil and blow with air, so that 
the arsenic sulphide collects in the froth; the 
flotation layer is filtered with kieselguhr and 


carbon black as filter aid. (h) Electrolysis of 
the concentrated acid, the arsenic being in part 
reduced to arsme, in part deposited on the 
cathode, which is separated from the anode by 
a diaphragm. This method lends itself to con- 
tinuous-flow operation, and the consumption of 
platinum at the anode is not excessive, although 
the initial cost is high. Small particles of 
aisenic occasionally flake off from the cathode, 
and rough filtration is necessary to retain them. 
The addition of copper to the acid to aid in the 
electrolytic removal of the arsenic is recom- 
mended (c) The Monsanto Chemical Co. (U S P. 
2287683, 1942) describes another method applic- 
able to viscous acid, even up to a concentration 
as high as tetraphosphoric acid, H0P4Oi3. The 
acid IS heated to about 105°c. and passed through 
a vessel packed with thin copper foil. The 
arsenic is converted mto a black coating of 
copper arsenide on the copper surface ; frag- 
ments of the coating which become dislodged 
are retained by a coarse filter. It is claimed that 
the pu'sence in the acid of 0 01-0 2% of hydro- 
chloric acid almost entirely prevents solution of 
copper in the acid, provided that air is excluded. 
(d) Other chemical methods of reducing the 
arsenic to the elemental condition ate applicable. 
These are mentioned in connection with “ wet- 
process ” acid. 

In England phosphoiic acid is marketed as 
acid of density (p) 1 750 at 60°f., corresponding 
to 65 03% of P2O5 ; p 1 650, corresponding to 
58 82% of P2O5 , and p 1 500, coi responding to 
48 71% of P2O5. In bulk the acicl is trans- 
ported m stainless-steel tanks, smaller quantities 
being (‘arried in crated glass carboys. Although 
the acid at p 1 750 is theoretically liable to 
crystallise at any temperature below 28°c , in 
practice the tericlency to remain supercooled is 
so strong that fi cezing occurs only in very cold 
weather The acid can be remelted by standing 
the glass carboys in warm water, with remark- 
ably few casualties 

Wet-process Phosphoric Acid. — In the 
“ wet process ” raw phosphate is decomposed 
by sulphuric acid under conditions which ensure 
the reaction 

C^sP 203 -}- 3H2S04,aq. 

=3CaS04,2H20+2H3P04,aq 

Compared with combustion of electrothermal 
phosphorus or furnace gases, the wet process 
can produce phosphoric acid more cheaply per 
unit of phosphorus pentoxide content, except 
where electric power is available at exceptionally 
low cost. On the other hand, the acid is very 
impure, and unless concentrated by evaporation 
does not usually contain more than 30% of P2O5, 
often loss. An important use of crude phos- 
phoric acid from the wet process is in the manu- 
facture of concentrated phosphate fertilisers, 
mcluding to an increasing extent “ triple ” 
superphosphate, and for this purpose the im- 
purities are not of primary importance. When 
the crude acid is used for making alkali phos- 
phates such as di- and tri-sodium phosphates 
the impurities are in part olimmated as in- 
solubles (iron, aluminium, and calcium as phos- 
phates, and in part the fluorme as cryolite or 
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sodium silicofluondo). A proportion of the 
phosphorus pentoxide content of the crude acid 
IS lost m the precipitate (or must be re-processed) 
The consumption of filter aid, decolorising car- 
bon, and barium carbonate lor sulphate removal, 
together with evaporation and operating ex- 
pense, has the effect (in regions where the in- 
dustrial economy is based on coal) of bringing 
the manufacturmg cost to about the level of the 
same salts made with acid from elemental phos- 
phorus. The acid phosphates used in foodstuffs 
(chiefly acid calcium orthophosphate and acid 
sodium pyrophosphate) cannot be manufactured 
directly from crude wet-process acid, and there 
IS no economical way of removing the impurities 
(particulaily iron, alummium, and fluorine) 
from the acid or acid salts, if the phosphate ore 
contains substantial percentages of these 
elements. 

Details of process and plant for making phos- 
phoric acid by continuous-flow “ wet processes ” 


vary somewhat, but it does not appear that the 
cost and quality are much affected by differences 
m present-day operation. The application of the 
Dorr system of continuous countercurrent 
decantation to the separation of gypsum from 
the phosphoric ao 4 d was a marked advance over 
primitive batch drainers or filter presses , it pro- 
duced phosphoric acid at about 20-24% of 
P 2 O 5 , wuth good extraction oflicioncy, and has 
been widely used for large-scale manufacture. 
More recently the size of plant required for a 
given output has been reduced, and the con- 
centration of tbe acid obtained without evapora- 
tion has been improved somewdiat, by the intro- 
duction of the Dorr “ strong-acid ” process 
(U.S P. 2049032, 193G). The numoious decanta- 
tion tanks and thickeners of the older process are 
replaced by two rotary filters and an mter- 
mediate re-slurrymg tank; acid of concentra- 
tion about 30% PgOs is produced before 
evaporation. 


Raw Phosphate 



A type of filter originally designed specifically 
for phosphoric acid manufacture is the Lands- 
krona belt, developed and used m the super- 
phosphate factory at Landskrona, m Sweden. 
This filter, which is now in use in several 
countries, is described m B.P. 418075, 1934, and 
457320, 1936 (both to Aktiebolaget Kemiska 
Patenter) ; improvements m detail have since 
been incorporated as a result of operatmg 
experience. 

The followmg biief account describes one form 
of modern practice in the production of phos- 
phoric acid by the “ wet process ” or “ sulphuric 
acid process.’’ The plant arrangement is indi- 
cated diagrammatically in Fig 3. Phosphate 
ore of almost any origin can be used. The ore 
is ground so that 90% passes 100 mesh, and is 
fed by a screw mto vessel a, where it is mixed 
with dilute phosphoric acid derived from the 
filter. Little reaction occurs m this vessel, its 
mam purpose bemg to provide a suitable slurry 


to which sulphuric acid can be added without 
unduly violent reaction or excessive frothmg. 
Frothing occurs with ores contammg a propor- 
tion of carbonate ; its extent is a function also 
of the organic matter content of the ore, and is 
most marked with African phosphates. The 
slurry from vessel a overflows continuously mto 
a second mixmg vessel b where sulphuric acid at 
65% H 2 SO 4 18 added. The heat of reaction 
maintains the temperature here at 80°o. The 
slurry flows through two further stirred vessels o 
and D from which it is pumped on to the belt 
filter. The volume of slurry contained in these 
vessels is so related to the through-put as to 
allow a reaction time of eight hours, which 
extracts about 97-98% of the P 2 O 5 . Usually 
about one- quarter of the fluorine vaporises as 
hydrogen fluoride and silicon tetrafluoride from 
the reaction vessels. The filter cloth is earned 
on a thick endless rubber belt constructed in the 
form of a shallow trough (Fig. 4), ribbed and 
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perforated for liquor flow. The belt runs over 
cast iron or rubber-lined diunis at both ends 
of the filter. Approximate dimensions and 
operating data for a filter with a capacity of 60 
tons of acid per 24 hours (at a concentration of 
25-28% of P 2 O 5 ) are : filtration area 3 sq. m. ; 
belt width 1 m. ; diameter of pulleys 1 m , belt 
speed 0*5-1 m. per min. , thickness of gypsum 
cake, up to 10 cm ; suction is maintained 111 the 
suction boxes at about 26 in. ; temperature of 
acid slurry at the feed end of the belt, 60-70“c. 
The washed gypsum falling off the belt carries 
40-60% of water. The filter cloth is of wool, 
and 18 stretched over the rubber belt, but is not 
attached to it. The life of a woollen filter cloth 
IS about 100 hours; 2 hours is required for 
replacement. The best material for the belt is 
natural rubber, and the life is several years. 
The suction box (fabricated from raolybdcnum- 
beanng stainless steel or rubber covered steel) 
is divided into three sections, giving three zones 
of action on the belt In the first zone the hot 
slurry is pumped on to the belt, the excess flow- 
ing back over a weir and returning to the vessel D 
and circulating system. The gypsum cake forms 
at a thickness (4 in. is usual) controlled by a 
shutter. The filtrate from this section is the 
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process product. Ily carrying the filter on a 
platform, a barometiic leg is insciled between 
the suction box and the tanks which receive 
liquor from the three sections of the box The 
second zone is sprayed with weak acid derived 
from the third section, and the filtrate from this 
section is rctuined to the first mixing vessel a 
The thud zone is sprayed with water, the filtrate 
carrying about 4% of P 2 O 6 . The concentration 
of the finished product from the belt is in 
piactice sensitive to the quality of the phosphate 
ore, phosphate with 35% of P 2 O 5 giving acid at 
26-28% P 2 O 5 , w^hereas with phosphate at 32% 
PgOg the acid concentration drops to 23-24% 
of PjOg. 

The mixing vessels, provided with powerful 
agitating paddles and internal baffles to improve 
the turbulence, are constructed of lead-lmed 
wood or homogeneously lead-lined steel. An 
excess of sulphuric acid is used in the process, so 
that the recirculated phosphoric acid returned 
from the second zone of the filter to vessel a 
maintains there a small fiee sulphuric acid con- 
centration ; in the other mixing vessels there is 
rather more free sulphuric acid. When the 
plant is working without mterruption, the lead 
linmgs are fairly effectively protected by a film 
of load sulphate. 

The operating conditions throughout the pro- 
cess are controlled to ensure the highest efficiency 


of filtration Jind w^ashing. Details of filtration 
rates and relative quantities of recirculated acid 
and acid finally produced are explained m B P 
457163, 1936 (to Aktiebolaget Kemiska Patenter, 
Landskrona). The gypsum is in the form of 
narrow monoclmic crystals mostly about 30- 
70 long, often twinned so that they apji^ar 
“ swallow-tailed at one end. It is usual to use 
about 2 % excess sulphuric acid, which is 
advantageous m improving the extraction 
efficiency of phosphorus pentoxide from the ore, 
and in reducing the percentage of calcium m the 
phosphoric acid. The cake on the filter cloth 
is kept covered with liquid at all places except 
over about the second half of the third zone , 
continuous attention is given to see that the 
flow of liquids 18 not too fast, resulting in flood- 
ing over the sides of the belt, nor too slow so 
that the cake sucks dry and cracks The 
efficiency of the washing is good, and the wxt 
cake (discharged from the belt with about 60% 
of solids) carries m soluble form as httlo as 1 % 
of the total phosphorus pentoxide charged to the 
process, m addition to the 2-3% of so-called 
“ msoluble ” phosphorus pentoxide Bringing 
mto account a loss m grinding of about 1 %, and 
slight losses by leakage of acid liquors, the over- 
all recovery of phosphorus pentoxide is 94-95% 

Attempts have been made, including the full 
scale, to produce more concentrated ai id 
directly from the filtration stage by working at 
higher temperatures and concentrations, and 
even by treating the ground 010 with sulphuric 
acid in autoclaves. Most of the scliemes 
described involve either anhydrous calcium sul- 
phate or the hemi-hydrate (B 1^ 314976 and 
314977, 1930, to Aktiebolaget Kemiska Patenter, 
Landskrona) 

On the filters, less hydrated forms of caliaiim 
sulphate than gypsum are troublesome because 
of rehydration and slow washing A process has 
been described which involved pioducmg the 
hemi -hydrate initially, filtering, then con- 
vertmg to di-hydrate and filtering tagain. 
However, processes not involving the direct 
production of gypsum are not now recom- 
mended. A possible exception to this generalisa- 
tion is a process patented by the Southern Ifiios- 
phate Corporation which is desciibed in a later 
paragraph in connection with the removal of 
impuiities from crude phosphoric acid. 

A typical analysis of the crude acid fiom a 
high-grade Florida pebble phosphate is: total 
PoOg 28 0, SO 4 1*8, SiOa 0 35, FegOg 0 8 , 
AI 2 O 3 1 * 0 , F 1 1, As 0 005, Pb 0 0015, CaO 
0*08%, The CaO content is fairly constant if 
the SO 4 18 kept steady, but the FCgOg, AlgOg, 
and F vary considerably according to the type 
of ore used. The colour of the acid is dark 
brown from Florida phosphate, brown from 
Russian and Swedish apatite, and green from 
Moroccan phosphate. The arsenic is derived 
partly from the ore and partly from the sul- 
phuric acid used. Besides the impurities men- 
tioned, there are traces of other elements (W. L. 
Hill, H. L. Marshall, and K. D. Jacob, Ind. Eng. 
Chem. 1932, 24 , 1064) ; m part, these enter with 
the sulphuric acid used, and from the materials 
of construction of the plant. Traces of vana- 
dium are present m many phosphate ores, and 
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impart a bright green colour to the crude acid, 
which IS not removed by active carbon. Some 
ores, especially those mined in the w'cst of Noith 
America, c ontain enough van idium to make its 
elimmation from the acid desiKible and possibly 
even directly profitable. 

Difficulties which are encountered in the con- 
centration of crude phosphoric acid arise from 
its corrosive nature (much w'orse than pure phos- 
phoric acid at ecjuivalent strength), and on 
evaporation deposition of scale on the heating 
surface, and evolution of hydrolluone acid and 
silicon tetrafluonde For some purposes con- 
centration of the free acid can bo avoided, the 
necessary evaporation being done on the solution 
of a soluble salt of the acid, whic h is alkaline or 
at worst only weakly acid. On the other hand, 
evaporative concentiation goes some way to- 
w^ards purifying the acid, since much of the 
fluorine, sometimes all of the silica, and most of 
the calcium, along with some of the sulphate, 
are eliminated The scale which forms contains 
Ca, Fe, Al, SO4, PO4, and F, but no SiOg. 
For fertiliser purposes, when the removal of im- 
purities during the concentration is of subsidiary 
iniportani'e to economy of fuel and simplicity of 
plant, submerged combustion with stainless steel 
burners is applicable. An alteniativo method 
iH by blowing hot air or (ombustion products at 
200-300°c through a number of nozzles of hard 
lead (or carbon) dipping just below the suiface 
of a shallow stream of the acid, in a long trough- 
sh.ipcil enclosed diamber, preferably con- 
structed of homogeneously lead-lined sled or of 
acid-rcsisting brick. One of the most resistant 
mateiials to attack by phosphoric acid is car bon, 
either as hard carbon or as grapliitc The 
porosity difficulty is overcome by impregnation 
with acid-resistant thermo-setting losiii Tubes 
and vessels (*an bo made from such non-porous 
graphite which have excellent heat con dm tance, 
and multi-effect evaporators of normal design 
have become possible 

Purification of “ Wet-process Phos- 
phoric Acid — Several patents desenbo methods 
of removing or reducing particular impurities 
U S P. 2105100, 1939 (to the Virginia Chemical 
Corporation) gives a method and apparatus for 
reducing the fluorine content to less than 50 
p.p m by blowing superheated steam through a 
carbon or silica diffusion disc submerged in acid 
of not less than 50% P2O5 content U S P 
1487205, 1925 (to J. N. Carothers and A B. 
( Berber) proposes the removal of fluorine by addi- 
tion of sodium silicate to the crude acid, followed 
by filtration through a sand filter. Vanadium can 
be removed by addition of a soluble ferrocyanide, 
which precipitates some of the iron present along 
with all of the vanadium (U.S P. 1544911, 1925, 
to F. Laist) Arsenic can be removed as sulphide 
by treatment with hydrogen sulphide or addition 
of a small quantity of sodium sulphide. The 
precipitation is best done at 40“60°c , excess 
hydrogen sulphide is removed by blowing air or 
inert gas through the liquid, and the arsenic 
sulphide filtered out 

Other methods involve reduction of the arsenic 
to the elemental condition ; it is claimed that this 
can be done by the use of phosphorus hydrides 
(G.P. 413377 ; B.P. 234122, to E. Merck). 


A process for making purified phosphoric acid 
has been described by the Southern Phosphate 
Ooiporation (B P 564574, 1944) which utilises 
sulphuric acid but differs considerably from tho 
usual conception of the “ wet process.” it is 
claimed that 95-98% of the fluorine is elimi- 
nated, and also tho iron and alummium. Ground 
phosphate ore is mixed with 70% phosphoric 
acid obtained from a later stage in the pioc(*sH, 
the tempeiaturo being raised partly by the 
exothermic reaction, partly by external heating, 
to 125°o. ; the proportions and time of mixing 
of the ore and phosphoric acid are such that a 
dry solid is obtained with Ca0/p205 in mole- 
cular ratio between 1 and 0*5. This mixture is 
then calcined at a temperatuio between 350° and 
400°O. Fluorine is liberated during all stages of 
the heating. Under those conditions iron and 
aluminium metaphosphatos are formed, and are 
not soluble in tho next stage of the process ; at 
the same time organic matter is thoroughly 
charred. In the next stage, the calcined product 
is digested with 100% orthophosphoric acid 
(obtained from a further stage of tho process) 
by stirring and heating to 150°c. After the acid 
calcium metaphosphate has boon dissolved, ( on- 
centrated sulphuric acid equivalent to the cal- 
cium IS added along with more phosphoiic acid 
less concentrated than 100%, so that the phos- 
phonc acid concentration in the reacting mixture 
is 100%. A portion of this is taken tor recycling, 
the remainder being diluted to about 75% and 
filtered on a rotary filter It is claimed that tho 
calcium sulphate present does not rehydrate 
readily , tho 11 on and alummium metaphosphates 
are filteiod out along with charred organic 
matter, calcium sulphate, and any other in- 
soluble mateiials. Tho filter cake is then 
washed with water and tho resulting dilute 
phosphoric acid is used m earlier stages. Tho 
patent describes quantitatively various appli- 
cations of tho principle involved. Except for 
fluorine, no data are given to show the extent of 
elimination of impurities, but the process is such 
that icbidual quantities of these, and also sul- 
phate, should be much lower than in the usual 
forms of the wet process It may be noted that 
purification of phosphoric acid from iron and 
alummium by taking advantage of tho insoluble 
character of their metaphosphates after the 
crude acid had been heated between 320° and 
350°c. was originally proposed by W. Gregory 
(Annalen, 1845, 54, 94). 

Apart from the manufac^ture of acid calcium 
phosphate for inclusion in foodstuffs, the most 
important commercial use of purified phos- 
phoric acid 18 in the production of mono-, di-, 
and tri-sodium orthophosphates, and also meta-, 
pyro-, and poly-phosphates obtained by elimina- 
tion of the elements of water from anhydrous 
mono-, di-, or mixed mono- and di-orthophos- 
phates of sodium. Pure monosodium phosphate 
occupies a key position in this group of sodium 
compounds, since all the others can be easily 
obtamed from it by thermal treatment alone or 
by addition of sodium carbonate and caustic 
soda followed by thermal treatment if required. 
It IS fortunate therefore that monosodium ortho- 
phosphate readily yields good crops ‘of clean 
crystals. An interesting example which includes 
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utilisation of this circumstance is descnbed in 
U.S.P. 1961127, 1934 (to The Warner Chemical 
Co.), concerned with the manufacture of di- 
sodium phosphate. The process starts with 
ground phosphate rock, which is decomposed by 
a deficiency of dilute sulphuric acid and filtered, 
so that about one- quarter of the phosphate is in 
solution as acid calcium phosphate, the remainder 
as free phosphoric acid. Sodium sulphate just 
m excess of the calcium present is added, and 
after filtration of gypsum together with a little 
sodium fluosihcate, soda ash is added to form a 
solution of monosodium phosphate. At this 
stage a large precipitate forms containing iron 
and alummium phosphate, together with some 
fluorine as either cryolite or additional sodium 
fluosilicate ; it is claimed that recovery of the 
phosphate value from this precipitate is more 
economical than from the conesponding precipi- 
tate m the ordmary “ wet process.” The hot 
clear filtrate is crystalhsed and evaporated as 
necessary to give successive crops of mono- 
sodium phosphate ; ultimate mother-hquor con- 
taining some accumulated sodium sulphate or 
acid calcium phosphate is returned to the pio- 
cess at the stage where calcium sulphate is pie- 
cipitated. It 18 claimed that the mothcr-hquors 
do not contain impurities which interfere with 
the purity of the crops of monosodium phos- 
phate, except that occasional purgmg of sodium 
chloride accumulation may be necessary. It 
should bo remarked, however, that arsenic must 
be separately removed if its presence is un- 
desirable, and that residual fluorme in the 
monosodium phosphate solution will bo distri- 
buted between the ciops and their mother- 
liquors rather evenly. It is probable that most 
manufacturers who crystallise monosodium 
phosphate as a pure chemical, dispose of the 
mother-hquors by conversion to di- or tii- 
sodium phosphate for detergent purposes, 
whereby some further precipitation of im- 
purities IS possible 

The manufacture of sodium phosphates from 
“ wet-process ” phosphoric acid is an important 
section of the phosphate industry. Detailed in- 
formation IS not generally accessible concerning 
the methods currently used by different manu- 
facturers for removing the bases mtroduced 
along with the acid. When sodium carbonate 
IS progressively added to the crude acid, a senes 
of consecutive precipitation and re-solution 
reactions occur. From pH 1 2 ferric iron is 
precipitated as FeP 04 until the pH has been 
increased to 2 2, after which hydrolysis to 
hydrated feme oxide, accompanied by re- 
solution of the phosphate anion, begms, and is 
complete at about pH 9. Aluminium is precipi- 
tated as AIPO4 from pH 2 7 and re-solution of 
the phosphate anion occurs from pH 3*7 up- 
wards. At much higher pH values, certainly 
above 8, the acidity of hydrated alummium 
oxide causes ro-solution of aluminium also. 
Precipitation of calcium and magnesium phos- 
phates begms below pH 6*3 and 7 6, respectively 
Little re-solution of phosphate anions from the 
calcium phosphate occurs below pH 11, but 
there is rapid passage of phosphate into solution 
from magnesium phosphate above pH 10*6. 
Reference may be made to a study of the solu- 


bility equihbria involved (with special reference 
to the fate of phosphate in the soil) published in 
1930 by T. Gaarder, “ Die Bindung der Phos- 
phorsauro im Erdboden,” in Meddclelser fra 
Vestlandets Forsthge Forsoksstation, Vol. 4, 
Part 4 (Bergen). 

Uses. — Phosphoric acid made by the “wet 
process ” is mainly used in the manufacture of 
double or tnple superphosphate or other phos- 
phate fertilisers. In addition a considerable 
amount is consumed in the production of deter- 
gent phosphates. The stronger acid obtained by 
burnmg phosphorus is also used for making very 
concentrated phosphate fertilisers, in regions 
whore the cost of transport to the consumer is 
an important item and the cost of electric power 
IS sufficiently low. 

Outside the fertiliser field, by far the greater 
part of the phosphono acid made is converted 
to acid calcium phosphate and acid sodium 
pyrophosphate of foodstuff quality , the group 
of sodium phosphates used for detergent pur- 
poses and water treatment; ammonium phos- 
phates, for yeast food and fireproofing; di- 
calcium phosphate and calcium hydroxy- 
phosphate. Other applications mclude pickling 
of steel; manufacture of acid manganese and 
acid zme phosphates for rust-proofing; yeast, 
penicillin, and other fermentation processes; 
gelatin and sugar manufacture ; tome medicines 
and jihosphate drinks , activated carbon manu- 
facture , textile dyeing , removal of milk-stone 
from dairy equipment. Frequent proposals in 
patent literature and otherwise are made for 
the use of phosphoric acid m preparing silage ; 
111 electrolytic metal polishing ; as a catalyst lor 
condensation and polymerisation reactions ; for 
latex coagulation 

IV. RED PHOSPHORUS. 

The discovery of red phosphorus is generally 
credited to A. Schrotter, the first investigator to 
demonstrate experimentally the allotropic rela- 
tion of red to white phosphorus (Sitzungsber. 
Akad. Wiss. Wien, 1848, 1, 130). J. J. Berzelius 
(1843) suggested, but without proof, that the 
red substance produced by sunhght acting on 
white phosphorus is merely another form of 
phosphorus. The historical point, over which 
there was some controversy, was discussed by 
J. Nickl^s (Compt. rend. 1856, 42, 646) and by 
M. Kohn (J. Chem. Educ. 1944, 21, 522) 

Physical Properties. — The allotropic rela- 
tion of red to other forms of phosphorus has 
already been discussed in part (v. Allotropic 
Forms, p. 483c) The phase equihbrium dia- 
gram of white and red phosphorus is illustrated 
schematically m Fig. 5. 

Curve EC is the vapour-pressure curve of solid 
red phosphorus, ending at 0 in the tnple point 
(590''o. ; 43 atm.) at which red phosphorus melts 
to a yellow hquid. To the right of o hes the 
vaiiour-pressure curve of molten red phos- 
phorus, which has been followed up to 634°c , 
59 atm. The vapour-pressure curve of the hquid 
has been followed down to 504°o., 23 atm., the 
section cz' representing this supercooled liquid 
in equihbrium with phosphorus vapour and 
motastable with respect to red phosphorus. 
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The most rehable vapour -pressure measurements 
on red phosphorus are probably those of A. Smits 
and S. C. Bokhorst (Z. physikal. Cliem. 1016, 91, 
249) who found for solid red phosphorus 

logioi? (mm.) = -6,667 7/^+1! 0844 
where 653 <863 

For molten red phosphorus (identical with 
molten white phosphorus) the vapour-pressure 
formula already given {v supra) supersedes that 
of A. Smits and S. C. Bokhorst, and covers a 
greater temper atuie range. 

The curve bz is the vapour-pressure curve of 
molten white phosphorus, which has boon 
measured from the melting -pomt of white phos- 
phorus (44 26°c , 0 181 mm.) up to about 4()b°c. ; 
a practical limit to the possibility of measure- 
ment beyond this point is set by the increasing 
rapidity of the change from white to red phos- 
phorus. The section zz' is hypothetical — there 
IS here a gap of about 100® in which no equili- 
brium piessure has been measured. Careful 
study of the sections bz and z'cd leads to the 
conclusion that they are m all probability parts 



Fig. 6. 

of a single vapour-pressure curve, that of molten 
red phosphorus, so that molten white phos- 
phorus is to be considered as being also super- 
cooled red phosphorus. The equation of this 
cm VO has already been given (v. White Phos- 
phorus, p. 486a). The critical temperature and 
pressure which termmato the curve cd he in the 
region of 700®c and 82 atm., respectively. It 
was realised, long before the results of X-ray 
investigations of the structur«-of red phosphorus 
were available, that the slow transformation of 
white to red phosphorus, the physical properties 
of the latter, and the identity of the vapour in 
equilibrium with white or red phosphorus, were 
most readily mtolhgible on the supposition that 
red phosphorus is a highly polymerised form. 

Curve BA is the vapour-pressure curve of solid 
white phosphorus (cubic) down to ti^o transition 
temperature at —77° where change to the 
hexagonal variety occurs The steep curves aa' 
and bb' represent the effect of pressure on the 
transition temperature and the meltmg-pomt, 
respectively. \b is the vapour-pressure curve 
of liquid white phosphorus, here supercooled 
wuth respect to both cubic white phosphorus 
and red phosphorus, and XA is the vapour- 

VoL. IX.— 32 , 


pressure curve of hexagonal white phosphorus, 
cc' represents the effect of pressure upon the 
meltmg-pomt of red phosphoius. 

The more important experimental studies of 
the equilibrium behaviour of phosphorus at 
high temperature are by the following authors ; 
W. Hittorf (Pogg. Annalen, 1865, 126, 193); 
L. Troost and P. Hautefeuillo (Ann. Chun. 
Phys. 1874, [v], 2, 146) ; P. Jolibois (Compt. 
rend. 1909, 149, 287 ; 1910, 151, 382) ; A. Smits 
and S. C. Bokhorst (Z. physikal. Chom. 1916, 
91, 249) ; W. Marckwald and K. Helmholtz (Z. 
anorg. Chem. 1922, 124, 81); D. L. Chapman 
(J.C.S. 1899, 75, 734) , A. Stock and F. Gomolka 
(Ber. 1909, 42, 4510) ; A. Stock and E. Stamm 
{ibid. 1913, 46, 3497) ; W. A. Wahl (Meddelan- 
den fran Fmska Kemist-Samfundet, 1913, p. 3). 

Heat Capacity of Red Phosphorus — For the 
moan atomic heat Cp from 22 to 300°c. and to 
500°o., respectively, the values 6 01 and 6*82 
g -cal per °c. are given by 0. Kubaschowski and 

G. Schrag (Z. Elektrochoin. 1940, 46, 676). 
From 1.5 to 98°c., V. Regnault (Ann. Chim. 
Phys. 1853, [iii], 88, 129) found 6 27. Somewhat 
inconsistent with those values are measurements 
by A Wigand (Ann. Physik, 1907, [iv], 22, 64) 
in the temperature range 0-199°o. Measure- 
ments in the tompcratuio range —252 75° to 
— 195 7°o. gave Oj)== 1*34^0 04 g.-cal. per °c. 
(J Dewar, Proc. Roy. Soc 1913, A, 89, 158). 

In contrast to those equilibrium studios, a 
kinetic study of the vaporisation and con- 
densation of red phosphorus has been made by 

H. W. Melville and S. C. Gray (Trans. Faraday 
Soc. 1936, 32, 271, 1026). Although there are 
unfortunately obstacles to accepting fully the 
authors’ quantitative results, these experiments 
m the ^ow-pressure range provide stimulating 
msight into the kinetic chemical behaviour of the 
species Pg and its relation to red phosphorus. 
It IS concluded inter aha that red phosphorus 
depolymenses directly to Pg, and that Pg 
molecules stnlung a surface of cold red phos- 
phorus combine with it to form more rod 
phosphorus. 

Manufacture. — The change, on heating, of 
white phosphorus into rod is greatly accelerated 
by addition of small quantities of certain sub- 
stances, notably phosphorus di-iodido, sulphury 
selenium, or sodium. In practice, however, it 
IS not an advantage to use any catalyst. Al- 
though the literature contains a considerable 
volume of discussion of this allotropic change, 
neither the catalysed nor the uncatalysed re- 
action 18 understood from the mechanistic view- 
point. The visible phenomena are clearly 
described in the following quotation from T. W. 
DeWitt and Sol Skolnik (“ Conversion of Liquid 
White Phosphorus to Rod Phosphorus I. 
Kinetics of the Reaction,” J. Amer. Chem. Soc. 
1946, 68, 2305). 

“ There are several qualitative aspects of the 
conversion of liquid white phosphorus to red 
phosphorus that are informative. The reaction 
mixture remains fluid until about 50% conver- 
sion IS reached. On further reaction the mixture 
rapidly becomes viscous, passes through a plastio 
or mud-hke stage,^nd finally sohdihes. Below 
50% conversion the reaction mixture contams 
suspended particles of red phosphorus large 



PHOSPHORUS. 


498 

enough to settle rather raoidly on standing 
Even at 6-10% conversion, many of the particles 
have diameters of 20-30 microns. Apparently 
these particles of red phosphorus grow both m 
size and number until, m the region of 60% con- 
version, they begin to touch one another and 
grow together to form an interlocking mass. 
When it is considered that uniform touching 
spheres with cubic packing have about 60% free 
volume and that the density of red phosphorus 
is only about 20% greater than that of white 
phosphorus, it is quite understandable that, in 
the neighbourhood of 50% conversion, further 
growth of the particles requires that they grow 
into one another to form a more or less rigid 
structure. The appearance of largo particles, 
even m the early stages of the reaction, is an im- 
portant fact for which any postulated mechan- 
ism must account.” 

A similar description is given by Schrotter 
himself in his original communication in 1848. 

The more important physicochemical facts 
relevant to manufacture are these • the forma- 
tion of red phosphorus is exothermic by approxi- 
mately 16 kg.-cal. per g.-mol. ol P4, vhilst the 
latent heat of vaporisation of white pliosphorus is 
ajiproximatoly 10 kg -cal. per g.-mol. of P4 at 
the boiling-point (280°c.). The unoatalyscd re- 
action is kinetically first-order with respect to 
white phosphorus, the rate-controlling step 
being umnfluenced by the presence of red phos- 
phorus or oven by nuclei of the nascent red -phos- 
phorus phase at any stage of the conver- 
sion. The first-order velocity constant is 
A-- (4 17x 10^*^) o\p (— 37,800/KT) in reciprocal 
minutes (T. W. DcWitt and Sol Skolnik, I c.) 

A batch conversion process has been widely 
used because of tlio simple and robust liature of 
the plant required. The actual conversion is 
done in a cast-iron or steel pot holding a 1-ton 
charge of phosphorus. Molten phosphorus is 
run in from a storage tank, under a shallow 
layer of water which later distils out. The pot 
IS closed by a well-fitting lid luted and clamped 
down. The lid is provided with a vapour escape 
])ipo sealed under water, and wnth thermocouple 
pockets. The pot, surrounded by a brick setting, 
IS heated externally by gas or electricity in 
accordance with a definite schedule of time and 
temperature. Careful control of the heat input 
IS essential, particularly when the heat of 
reaction begins to increase the rate of rise of 
temperature, to avoid vaporising out of the pot 
an unnecessary amount of phosphorus. The 
need for caution during the active stages of the 
conversion is evident from the data given above 
Eor example, suppose that the phosphorus is 
60% converted and the temperature is 280°c. 
The mass has become somi-rigid. From the 
velocity constant it is seen that the remammg 
40% of white phosphorus is changing at the 
rate of about 2 mg per minute for each g. of 
total phosphorus present The specific heat of 
the phosphorus mixture is 0*2, so that the 
reaction is producing enough heat to raise the 
temperature about Vc per minute and if the 
temperature does rise, the whole process will 
accelerate because of the considerable tempera.* 
ture coefficient of the reaction. Violent eruption 
of vapour breaking through the solid mass is a 


likely consequence. Provided that the con- 
version speed does not get out of control, a 
short reflux condenser attached to the escape 
pipe will return most of the vaporised phosphorus 
to the pot. When the conversion is complete, 
or nearly so, the external heating is increased so 
thg,t the temperature of the red phosphorus is 
held for some hours somewhat below the tem- 
perature (420°c ) at which the vapour pressure 
of red phosphorus reaches 1 atm. 

When cold, the pot contains a hard and rather 
brittle mass of dark red to violet phosphorus, 
which is swamped with water and cut out. 
This mass exhibits no \isible crystalline cha- 
racter when broken, and the contrast in this 
respect with a fracture surface of white phos- 
phorus 18 probably the reason for the com- 
mercial name “ amorphous phosphorus ” which 
18 still common in English-speaking countries. 
At this stage the product still contains traces of 
white phosphorus, and is liable to ignite spon- 
taneously It is ground wet, and boiled wuth 
sodium carbonate solution until all white phos- 
phorus IS destroyed. The red phosphorus is 
then^sieved wet (the oversize material being re- 
ground), filtered and washed on a rotary filter, 
and dried in vacuum. The dry cake is brushetl 
through a sieve and packed into tins or steel 
drums. 

A process employine gas-heated ball-mill con- 
verters was used by the I G. Farbenindustrie at 
Bittcrfeld m Germany up to 1945 (B I O.vS 
Report No. 562 (Item 22) gives a detailed 
description). A batch of phosphorus was 
4,000 kg., and the cycle of operations required 

3 days Steel balls of 10, 12, and 14 cm dia- 
meter w'Cie used; mill r.p.m 14. Before 
charging with white phosphorus, air is displaced 
from the mill by mert gas. The mill is connected 
to a watei seal until the white phosphorus has 
been at 180-190°c. for 2 hours, to dry out any 
water present It is then closed completely, and 
the phosphorus temperature raised in a further 
20 hours to 270°c. Thereafter the exothermic 
reaction raises the temperature during a further 

4 hours to 290"'c , the internal pressure rising to 
2 or 3 atm. When the exotheimic stage is 
finished, heating is recommenced, and the tem- 
perature taken up to 360°c for 5 hours. The red 
phosphorus contains less than 0*1% of white 
phosphorus, which is removed by boiling with 
dilute caustic soda solution. An earlier descrip- 
tion of a conversion process, based on a gas- 
heated ball-mill with iron or porcelain balls, is 
given m Russ. P. 36829, 1934 (to M. 1). Senilov 
and A A Shalabanov). 

The chief advantage that ball-mill processes 
have over the older procedure of heating a 
stationary charge of phosphorus, lies in the 
avoidance of the unpleasant operation of cutting 
and digging the hard mass of red phosphorus out 
of the pot. * Another process has been patented 
which also avoids the cutting- out operation 
(U.S.P. 2397961, T. W. DeWitt, to the Tennessee 
Valley Authority, 1946). In this process, con- 
version to red phosphorus is continued only to a 
stage (about 60%) at which the substance is still 
liquid enough to be pumped. The removal of 
the unconverted phosphorus is efiecfted by distil- 
lation in vacuum or in an inert gas, the still pot 
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being equipped with an agitator. Removal of a 
proportion of the unconverted phosphorus, by 
allowing the red phosphorus to separate as far 
as it will by sedimentation, is also recom- 
mended. 

It is desirable to have the red phosphorus as 
stable as possible m respect of its tendency to 
Ignite when accidentally struck or rubbed, and 
tendency to oxidise slowly to acidic products. 
Adequate heating’ during the conversion and 
complete ehmination of white phosphorus are 
first essentials, but artificial stabilisation is 
possible. U.S.P. 2359243 (to Oldbury Electro- 
Chemical Co., 1944) describes an effective method 
which consists in suspendmg the red phosphorus 
(ground to pass 100 mesh) in a 1 % solution of 
alkali-metal aluminate, and aerating the suspen- 
sion, preferably at 80-90°c , for several hours. 
It is possible that the more readily oxidisable 
particles of red phosphorus (or localised spots of 
high activity on the surface of particles) begin 
to oxidise, become locally acid, and precipitate 
a protective layer of alumina. Traces of some 
metals of variable valency increase the liability 
to oxidation. Red phosphorus made in Germany 
was stabilised by precipitation of approximately 
1 % of magnesium oxide (from magnesium 
chloride solution and sodium hydroxide) before 
washmg and drying. Commercial red phos- 
phorus which has not been stabilised sometimes 
oxidises rapidly in warm air of high humidity. 

V. PHOSPHORUS AS AN INDUSTRIAL 
HAZARD. 

The following dangers arise from the use of 
phosphorus m industry 

(i) The Poisonous Properties of the 
Vapour. — Prolonged inhaling of vapours from 
white phosphorus (probably phosphorous oxide 
vapour) gives rise to necrosis of the jaw — the 
notonous “ phossy-jaw,” which was so well 
known during the nineteenth century but is 
practically unknown now that phosphorus sesqui- 
sulphide is used m the manufacture of matches 
and the use of white phosphorus for that pur- 
pose IS prohibited. 

(ii) The Poisonous Properties of the 
Solid. — Solid white phosphorus is poisonous 
when taken internally, and is widely used m rat 
and vermin poisons, which normally contain 
1-4% of phosphorus. 

The foxic dose depends upon the personal 
pecubarities of the individual and upon the 
physical state of the phosphorus, which governs 
the rate of absorption. Recovery has occurred 
after the taking of about 400 mg. but in general 
a dose of 50 mg. or above is liable to bo fatal. 

The symptoms are due to two causes, irritation 
of the gastro -intestinal tract and the slower 
action of the absorbed poisons. The former 
causes abdominal pam, nausea, vomiting, and 
diarrhoea, which develop during the first few 
hours. Thirst is intense and the breath has a 
garhe-like odour. If the shock of the first few 
hours IS withstood then follow two or three days 
of comparative well-being before the absorbed 
poisons come into full action. This action causes 
further vomiting and diarrhoea, often nose- 
bleeding, headache, weakness, and enlargement 


of the liver. The patient usually dies about a 
week after taking the poison. 

Quick treatment is very desirable because of 
the speed with which phosphorus is absorbed 
through the gastro-intestiiial tract. A simple 
treatment is to give the patient 0*25 g. of copper 
sulphate in a glass of water ; this coats the phos- 
phorus with copper or copper phosphide. 
Gastric lavage should also bo performed as early 
03 18 po.ssible, followed by Epsom salts. Subse- 
quent treatment mcludes a diet high m protein 
and carbohydrate but low in fat, accompanied 
by injection of grape sugar and insulin. Large 
doses of ascorbic acid, thiamine, and calcium 
gluconate are also said to be valuable. 

(ni) Spontaneous Combustion.— White 
phosphorus will ignite spontaneously in air un- 
less its surface is kept wet. Phosphorus alone is 
a very ineffective incendiary, since its flame will 
not normally ignite wood and similar materials ; 
this is to a large extent due to the production of 
phosphoric acid when it bums in moist air ; this 
gives a fireproof coating on anything touched 
by the flame. On the other hand, a phosphorus 
flame will immediately ignite readily combustible 
materials such as petrol, paper, or celluloid. 

(iv) Burns. — These are caused when phos- 
phorus bums m contact with the skin. They 
heal more slowly and suppurate more easily 
than ordinary heat bums. The treatment is as 
follows : 

1. Wash the bum immediately and very 

thoroughly with sodium carbonate solu- 
tion (2 tablespoonsful to a pint of water). 
This neutralises phosphoric acid, etc., 
formed during the burning. Whilst the 
burned area is still wet pick off any 
visible white phosphorus (often this can 
best be seen in the dark) 

2. Wash with copper sulphate solution (1 

heaped teaspoonful to a pint of water). 
Remove any dark- coloured deposit with 
forceps. The copper sulphate combines 
with or coats any free phosphorus and 
prevents further burning. 

3. Wash with water containing a weak anti- 

septic such as boracic acid. 

4. Now treat as a normal bum. 

The use of ultra-violet light on the burn is 
beneficial. The healing period is usually about 
three to four weeks. 

VI. OXIDES OF PHOSPHORUS. 

Three well-defined oxides exists : phosphorus 
pentoxide or phosphoric anhydride, P 40 io; 
phosphorus frioxide, or phosphorous oxide, 
P 4 O 0 ; and an oxide intermediate between these 
two in state of oxidation, phosphorus tetroxide, 
(P02)n. 

Phosphorus Pentoxide . — The familiar white 
powder is made by burning phosphorus in a 
stream of dried air. Using a steady feed of 
molten phosphorus, a controlled excess of air, 
And a correctly designed burner large enough to 
allow adequate time for completion of reaction 
before the gases are cooled, phosphorus pent- 
oxide is obtained so free from lower oxides that 
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it will not decolorise dilute permanganate solu- 
tion even after standing for hours. The gaseous 
combustion products are chilled by injecting 
them into a largo chamber, air- or water-cooled 
externally, where rapid mixing with cold gas 
causes condensation. The appearance inside 
such a chamber, illumined by light from the 
phosphorus burner, resembles a snowstorm. 
This white powder consists predominantly of 
the most volatile of the three crystalline modifi- 
cations described billow. Usually it is so finely 
divided that its crystalline character is not 
visible; if the condensation is allowed to take 
place in a chamber maintained externally at 
170-200°c. a denser and more obviously crystal- 
line product IS obtained, w^hich, however, differs 
only in habit. 

Phosphorus Fentoxtde Vapour — This consists 
predommantly of P4O1Q molecules, as appears 
from vapour density measurements (Victor 
Mever method) by W A Tilden and R. E. 
Barnott ( J C S 1890, 69, 154), by C A. ^Vest 
{ibid 1902, 81, 928) up to l,400°c , and by E V 
Bntzke and E. Hoffmann (Monatsh. 1938, 71, 
317) up to l,100°c. Both the vapour density 
and the heat capacity of the vapour suggest that 
appreciable association occurs at least below 
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l,100°c The beat capacity Cp expressed per 
g -mol of P4O10 IS 73 6 ±2 0 g -cal per g -mol 
per °c., and remains constant over the range 
360-1, 100°o. (M. Frandson, Bur. Stand. J. Res 
1933, 10, 35). 

The structure of tlie isolated P4O10 molecule 
has been worked out by G C. Hampson and 
A. J. Stosick (J. Amor. Chem. Soc. 1938, 60, 
1814). The structure consistent with their 
electron diffraction measurements is shown in 
Fig. 6, drawn from a photograph of a model in 
in the paper referred to. The P atoms form a 
regular tetrahedron, each having one closely 
bound O atom which is not otherwise attached 
Each of the remaining six O atoms is attached to 
two P atoms, so that the formula may bo written 
(0P)40e. 

Polymorphtsm of Phosphorus Pentoxide . — The 
most recent studies of this problem are by W. L. 
Hill, G. T. Faust, and S. B Hendricks {ibid, 
1943, 65, 794) employing optical and X-ray 
methods; H C. J. de Decker and C. H 
MacGillavry (Rec. trav chim. 1941, 60, 163) 
and H. C. J. de Decker {ibid , p. 413) employing 
X-ray methods ; and J. C Southard and R A. 
Nelson (J. Amer. Chem Soc. 1937, 59, 911) and 

A. Smits, E. P. S, Parv(^, P G. Meerman, and 
H. C. J. de Decker (Z. physikal. Chem. 1940, 

B, 46, 43) by vapour-pres'suro measurements. 
Elxtensive earlier work, particularly on the 


pressure-temperature relations, is referred to in 
these papers. 

Three crystalline modifications have been 
studied : hexagonal, m p. 420°c , the triple-point 
pressure being 3,600 mm. (This melting-point 
can be realised only by very quick heating 
because of the instability of the hexagonal form, 
which polymerises rather rapidly when heated ; 
the liquid polymerises and quickly sohdifies to a 
mixture of crystals of the (irthorhombic form 
with some glass ) Density, 2 3. Heat capacity, 
Cp- {22-17+0 07804^-(8 45x ]0-*5)i2}+l 6 g.- 

cal. per g.-inol. of P2O5 per °c for 25°<i°c. 
^350° (M. Frandson, I c.). Because of probable 
partial conversion of hexagonal to orthorhombic, 
this formula may give values slightly too high 
above 250°c Vapour-pressure formula logjo p 
(mm ) — 10-792— 5,000/T, giving 760 mm. at T 
=632°k , and a latent heat of sublimation of 
22,800 g.-cal. per g -mol. of p40io* X-Ray 
diffraction established the fact that this form is 
a molecular lattice of mdividual molecules of 
PjOio, having the same structure as in the 
vapour. The crystals are soft. 

Although the hexagonal form is stable in- 
definitely at room temperature, on heating it 
changes to the orthorhombic form. The change 
requires about two months at 180°c., but may 
be complete in a few hours at 250°c. The speed 
of the transformation is apparently very sensi- 
tive to conditions which have not yet been 
ascertained, and widely diifciing qualitative 
observations appear in the literature. The 
vapour pressure of orthorhombic phosphorus 
pentoxide is much smaller than that of the 
hexagonal form logiQp(mm )--12 113— 7,930/T, 
giving 36,400 g -cal. per g -mol of P4O10 for the 
latent heat of sublimation. The melting-point 
lies between 550° and 570°c ; the vapour pres- 
sure at the melting-pomt is about 400 mm The 
fusion piof’ess is considered to be abnormally 
slow at this melting-point Rapid fusion occurs 
at 571°c , and the suggestion is made (W. L. 
Hill, G. T. Faust, and 8. B. Hendricks, Z.c.) that 
both melting-points are metastable triple- 
points, and that the two liquid phases are 
structurally different. The crystal structure of 
orthorhombic phosphorus pentoxide shows that 
this modification is an infinite sheet polymer 
built up of PO4 tetrahedral groups, three, of the 
O atoms being shared with neighbouring P 
atoms, the fourth being linked to a single P 
atom The atomic spaemgs are close ’to those 
of the P4O1Q molecule. The crystals are hard 
and brittle, as is to bo expected from the 
structure. 

The third crystalline modification (possibly 
tetragonal) is thermodynamically the most 
stable, at least m the temperature range from 
70°c. up to its melting-point at 580+6°c., where 
the triple-point pressure is 550 mm. This stable 
modification is prepared by heating either of the 
other forms to 450°c. for 24 hours, whereby a 
horny mass of aggregated and tw^mned crystals 
18 obtained. Its fusion is a slow process, and 
superheating of the* crystals readily occurs ; the 
molt IS a very viscous fluid. The superheating 
phenomenon was reported by A. Smits and 
H. W. Deinum (Proc. Acad. Sci. Amsterdam, 
1930, 83, 514) and by W. L. Hill, G. T. Faust, 
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and S B. Hendricks {l.r ). The density cal- 
culated from the indices of refraction is 2*89. 
This is m agreement with the conclusion from 
directly measured (but not very concordant) 
values of various authors which make this the 
densest form. The vapour pressure of a high- 
tcmperature form of phosphorus pentoxide was 
measured by A. Smits, with H. W. Deinum 
(Z. physikal Chem. 1930, A, 149, 337), under 
experimental conditions which make it likely 
that they were dealing with the tetragonal 
modification, and with the liquid phase obtained 
by its fusion ; the observations on the molten 
state extend some distance into the region of 
supercooling. Their data for the solid phase are 
consistent with logiQ^ (mm ) = 11 4664— 7,437/T, 
from T~758 °k. up to the melting-point, at 
T= 853 °k. The data for the liquid are consistent 
with logiQ p (mm.)=7 5492— 4,100/T, where 
785 <T°k.< 973. The X-ray structure of the 
stable form of phosphorus pentoxide has not 
been worked out. The high density and the 
mode of cleavage suggest that it is a three- 
dimensional rather than a sheet polymer. 

Besides appearing in the crystalline medi- 
cations, phosphorus pentoxide has a strong 
tendency to form glasses. 

Nothing IS known about the molecular weight 
of the (PgOgln species actually depolymerising 
from the polymeric crystalline modifications 
into the vapour. There is no reason to doubt 
that m all c^sos the vapour rapidly adjusts itself 
to an equilibiium in which the predominant 
species IS P 40 io- 

Chemical Properties of Phosphorus Pentoxide — 
In its most characteristic capacity, that of an 
acid anhydride, phosphorus pentoxide reacts 
vigorously with water, forming first a mixture 
of partially hydrated polymeric acids and ulti- 
mately H3PO4. With metallic oxides or car- 
bonates at high temperatures, salts of similar 
acids are formed. With alcohols and ethers 
analogous reactions occur, provided that the 
reactions are controlled by coolmg to restrain 
the tendency of the esters to lose the elements 
of water with formation of olefins and phos- 
phoric acid. The avidity with which the first 
stage in the hydration takes place is responsible 
for the common use of phosphorus pentoxide as 
a dehydrating reagent. A variety of ill- defined 
products of the partial reaction of phosphorus 
pentoxide with water may bo encountered, 
depending upon whether P4O10 vapour or one 
of the crystalline forms is hj^drated, and upon 
the amount of water and the degree of cooling. 
Interesting differences in behaviour on hydra- 
tion of the non-polymerised and the polymerised 
forms of the oxide have been mentioned from 
time to time, for example by W. L. Hill, G. T. 
Faust, and S. B. Hendricks (lx ). It may be 
remarked that in industnal practice phosphoric 
acids of definite composition, corresponding to 
(HP03)f2, H3P4O13, H4P and H3P^54 are 
all made from the oxide under conditions which 
are equivalent to having an excess of w^ater 
vapour present at a controlled temperature and 
partial pressure correspondmg to evaporative 
equilibrium for the acid required. 

Phosphorus pentoxide is comparatively readily 
reduced, if the temperature is high enough, by 
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elements with a comparable heat of reaction 
with oxygen. Because of the high temperature, 
volatile phosphorus reaction products are usually 
either phosphorus itself or the oxide (P02)n* 
With metals, usually a mixture of phosphate 
and phosphide is obtained. 

A few special reactions are interesting. With 
halogens except fluorine there is no reaction, but 
phosphorus pentoxide heated in fluorine forms 
POF 3 and PFg (H Moissan, Bull Soc. chim. 
1891, [ill], 5, 458). Dry hydrogen fluoride, 
chloride, and bromide react to some extent, pro- 
ducing the oxyhalides and metaphosphoric acid. 
The reaction 3PCIr,+ PgOg— 5 POCI 3 and the 
corresponding reaction with the bromide can bo 
controlled to proceed almost quantitatively. 
Phosphorus pentoxide at high temperatures 
attacks all ceramic materials and fused silica 
ware. 

Phosphorus Trioxide. — The usual method 
of preparation is that of T. E. Thorpe and 
A. E. H. Tutton (J.C.S. 1890, 57, 545 , 1891, 69, 
1019) by burning white phosphorus in a re- 
stricted stream of dry air. The products con- 
sisting of P4O6, P4O10, (POg)^* and some P4, 
are drawn through a glass wool filter at 60°c to 
remove solid particles, and the volatile tnoxide 
is condensed by cooling to below 0°c Yields of 
over 50% are possible by correct conditions 
(L Wolf and IL. Schmager, Ber. 1929, 62 [B], 
771). The excess of phosphorus can be removed 
by prolonged irradiation from a mercury arc, 
then distilling the tnoxide from the red phos- 
phorus formed (C. C Miller, J C S. 1929, 1823) 
An alternative pieparation is by reaction of 
phosphorus tiichlonde and phosphorous acid, 
followed by vacuum distillation of the tnoxide. 
(This is briefly referred to by F. Krafft and R. 
Neumann, Ber 1901, 34, 566 ) 

Physical Properties — Soft, colourless, mono- 
clinic crystals, soluble in many organic solvents 
M p, 23 8°c ; b.p. 175*4°c.* Vapour -pressure 
formula log^Q p (mm.) =—2,860 OjT—O 00400T 
+ 11 0516 (P M. van Doormaal and F. E. C. 
Scheffer, Roc. trav. chim. 1931, 50, 1100). 
Latent heat at the boiling-point (calculated) 9,406 
g.-cal. per g.-mol of P4OQ. Vapour density 
corresponds to P40e (T. E. Thorpe and A. E 
Tutton, lx.). In solution in benzene and 
naphthalene the molecular weight corresponds 
to P4O3 The molecular structure from electron 
diffraction (G. C Hampson and A. J. Stosick, 
J. Amer. Chem. Soc 1938, 60, 1814) is shown 
diagrammaticaUy in Fig. 6. It resembles P4O10 
except for the absence of the four “ phosphoryl ” 
O atoms. Density^ of the solid, 2 135 ; of 
the supercooled liquid, 1*943. Surface tension 
36 6 dynes per cm. at 34*3°c., decreasing to 
27 8 at 109 4°c. (R. Schenck, F. Mihr, and H. 
Banthien, Ber. 1906, 39, 1506). 

Chemical Properties. — Phosphorus tnoxide 
vapour IS stable only up to about 200°o. ; the 
thermal decomposition produces phosphorus 
tetroxide and red phosphorus. (Here, as m 
almost every chemical reaction which occurs m 
a system containing oxygen, free or combined 
in any way, and which has red phosphorus as 
one of the reaction products, there is doubt 
whether a possible sub-oxide such as P4O may 



602 


PHOSPHORUS. 


not also be present.) Phosphorus tnoxide can 
be ignited and burnt in air. 

Much of the early work with this oxide seems 
to have been done with preparations containing 
some white phosphorus, which is not easily 
removed by distillation. Some of the confusing 
observations on the oxidation may be explicable 
in this way. It has been shown by C C. Miller 
(J.C S. 1928, 1847) that phosphorus tnoxide 
neither glows nor is oxidised in air or oxygen at 
ordinary temperature. In dry ozonised oxygen 
the overall reaction is represented by 

8P4O0+4O3-f-6O2=6P4Og+3P4O^Q 

The phosphorus tetroxide (written as P4O8) is 
not further oxidised by ozone at room tempera- 
ture 

With cold water, or cold dilute alkali solutions, 
phosphorus tnoxide behaves as the anhydride of 
phosphorous acid. As long as the liquid is cold, 
the tnoxide dissolves slowly and the process is 
easily controlled. With hot water or concen- 
trated alkali solutions the reaction may become 
violent, and phosphorus (possibly sub-oxide), 
hydrogen phosphides, and phosphate are also 
formed. An interesting reaction takes place 
under suitable conditions with chlorine (anal- 
ogously with bromine) by which equimolecular 
quantities of POCI3 and (polymerised) meta- 
phosphoiyl chloride, (POgCOnj produced. 
Sulphur adds on to form phosphorus sulph- 
oxide (q v ). 

Phosphorus Tetroxide . — This httle-in\ osti- 
gated compound is a product of both thermal 
decomposition and oxidation of the tnoxide 
(qv.). It is separated from accompanying red 
phosphorus, or pentoxido, by vacuum sublima- 
tion, and appears as white crystals, probably 
orthorhombic. It was first analysed and 
characterised by T. E. Thorpe and A. E. Tutton 
(ibid 1886,49,833). 

I’hosphorus tett'oxido is very stable to heat. 
Vapour density f determined by C A. West 
{ibid, 1003,81,923) at over l,400°c,, corresponded 
approximately to (POg);. Apparently no volati- 
lisation occurred at 900"c. On the other hand, 
P. H. Emmett and J. F. Schultz (Ind. Eng. 
Chem. 1939, 31, 106) found, but not conclusively, 
a density corresponding to P4O8 at 500°c. 

Density y of the crystals obtained by 

vacuum sublimation is 2*537 (C, A. West, lx,). 
Melting has not boon observed. No solvent has 
been found which does not react chemically. 

Chemical Properties, — Heated in oxygen, phos- 
phorus pentoxide is formed at about 420°c. In 
air, oxidation is slow at 350°o., rapid at 600°c., 
in the absence*of a catalyst. Platinised asbestos 
greatly accelerates the oxidation. The crystals 
are deliquescent and dissolve in w^ater with 
vigorous heat evolution. The solution gives the 
reactions of phosphorous and phosphoric acids, 
but it IS not clear whether hypophosphoric acid 
is an mtermediate product. The structure of 
phosphorus tetroxide is not known, and a review 
of the available evidence leaves it uncertam 
whether the tetroxide can be considered to be 
the anhydride of hypophosphoric acid. 

Other Oxides of Phosphorus.— Two lower 
oxides have been repeatedly described, but proof 


of the individuality of either is lacking. The 
case against PgO has been made out by L. J. 
Chalk and J. R. Partington (J C.S. 1927, 1930). 
P4O 18 critically discussed by D. L. Chapman 
and F. A Lidbury (ibid. 1899, 75, 973) and C. H. 
Burgess and D. L. Chapman (ibid, 1901, 79, 
1243). 

Sulphoxides of Phosphorus. — ^An addition 
product P4O0S4 of sulphur and phosphorus tri- 
oxide is formed quantitatively with vigorous 
heat evolution when the reactants are warmed to 
160°c.’m an mert atmosphere (T. E. Thorpe and 
A. E. Tutton, ibid. 1891, 59, 1019). The sub- 
stance sublimes in vacuum to colourless crystals, 
which melt at 102°c. to a hquid of normal b.p. 
295°c The vapour density at 350-400°c. corre- 
sponds with the formula as written above. The 
structure, which may be written (SP)4O0, has 
been determined by electron diffraction (A. J. 
Stosick, J. Amer. Chem. Soc. 1939, 61, 1130). 
It resembles P4Oi0 except that the four “ phos- 
phoryl ” O atoms are replaced by S atoms. The 
mter-atomic distances and angles are : P-O, 
1-G1a; P-S, 1*85 a.; P-P, 2 85 a.; angle 
O-P-O, 1015°; angle P-O-P, 123*5°; angle 
O-P-S, 116 5°. Phosphorus sulphoxide crystal- 
lises m large tetragonal crystals from solution 
in carbon disulphide It is deliquescent and 
reacts with moisture forming phosphoric acid 
and hydrogen sulphide. 

Phosphorus OxysulphidCy P4O4S3, was pre- 
pared by A Stock and K. Friederici (Ber 1913, 
46, 1380) by passing oxygon into a solution of 
P4S3 m carbon disulphide, or ozonised oxygen 
into a solution of P4S3 m carbon tetrachloride. 
It forms a pale-yellow amorphous powder, in- 
soluble in the usual organic solvents. This 
oxysulphido is an extremely hygroscopic sub- 
stance, which is decomposed by water On 
heating it begins to fuse at about 150°c., and 
forms a yellow liquid at 250°c. ; decomposition 
occurs. 

Phosphorus OxysulphidCy P2O2S3, was dis- 
covered (A. Besson, Compt rend. 1897, 124, 
151) as a product of the reaction 

2P0Cl3+3H2S=6HCI+P202S3. 

Other products, including an oxychlorosulphide, 
P2O2SCI4, are formed at the same time 
P2O2S3 IS a pale-yellow amorphous solid, which 
melts at about 300°c and crystalbses on coobng 
Heated in vacuum, even at 150°c., P4S10 slowly 
sublimes, leaving P4O10 

VII. OXYACIDS OF PHOSPHORUS. 

The following are individuals of definite 
composition ; 


(Ortho) Phosphoric acid 

H3PO4 

Pyrophosphoric acid 

H.P*©, 

Metaphosphoric acid . 

(HPOs)^ 

Hypophosphoric acid . 


(Ortho) Phosphorous acid . 

H3PO,* 

Pyrophosphorous acid . 

H.PgOj 

Metaphosphorous acid . 

(HP0,)3 

Hypophosphorous acid . 

H3PO, 


There is also a complete range of intermediate 
“ phosphoric acids ” of graded composition with 
HjO.PjOg ratios varymg between 1:1 and 3:1, 
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which are considered to consist of mixtures of 
polyphosphono acids of varying degree of con- 
densation, ( H 2O )x( PaOs)^. They are produced 
by hydrating phosphorus pentoxide (g.v.) with 
water or steam at a moderately high tempera- 
ture. A very concentrated acid is marketed in 
the U.S.A. under the names Tetraphosphoric 
Acid, or PJtospholeum, H eP40i3. It is a viscous 
liquid, p2o 2 06, which does not crystallise at 
-“50°o , and is an economical material to trans- 
port for subsequent dilution. 

Phosphoric Acid, H3PO4 

The manufacture has been described in an 
earlier section of this article. This is the only 
acid containing phosphorus which is a large- 
scale industrial chemical. 

Physical Properties. — Anhydrous phos- 
phoric acid is a crystallme sohd, m.p. 42*3°c. 
The only hydrate commonly encountered is 
H3P04,JH26, which contains 91*58% of 
H3PO4. Fig 7 represents the equilibrium 
freezing-pomts for the concentration range of 

Freezing Point Diagram of Phosphoric Acid 
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most practical interest. The equilibrium tem- 
peratures of solid H3PO4 with solutions of 
different concentrations he between the melting- 
point A and the eutectic b. Curve bcd represents 
equilibrium of the solution with the hemihydrate 
as the solid phase. Curve cb shovs the depres- 
sion of the melting-point of H3P04,iH20 by 
addition of H3PO4, b (at 23 5°c.) being the 
eutectic at which HaPO^jJIHgO and H3PO4 
co-exist as solid phases with solution. CD shows 
the depression of the melting-point of 
HaPOijJHgO by addition of HgO ; this curve 
continues without a break down to the eutectic 
point at which H3P04,JH20 and ice co-exist 
with solution (— 85°o. ; 62 6% H3PO4). The 
curve as given is duo to W. H. Ross and R. M. 
Jones (J. Amer. Chem. Soo. 1925, 47, 2166). 
It is to be noted that the experimental method 
by which it was obtained was m effect a method 
of investigating the equihbria of the two solids 
HjPO^ and H3P04,JH20 with solutions; 


there is, however, good evidence that another 
hydrate, 10H3PO4,HaO may intervene in the 
region covered by ab {see A. Smith and A, W. C. 
Menzies, ibid, 1909, 81, 1183). 

Density and Composition . — ^The values tabu- 
lated below are reproduced from a density com- 
position table given m “A. and W. Chemicals,” 
Albright and Wilson, Ltd , 1937, p. 69. The 
data for densities below 1*500 are based on a 
critical survey of the literature; those above 
this value were determined by Albright and 
Wilson, Ltd. 


Density op Aqueous Solutions op 
OrthophOspiiorio Acid. 


P4 . 

Decrease 
per l°c. 

Wt -% 
H3PO4 

P2OS 

wt-% 

p. 

1*100 

0 00030 

17 52 

12*69 

5*54 

1*150 

1 0 00035 

26 25 

18 29 

7 99 

1*200 

0-00045 

32 52 

23*56 

10*29 

1 260 

0 00050 

39 22 

28 41 

12 41 

1*300 

0 00056 

46*51 

32*97 

14 40 

1350 

0 00060 

61 22 

37*10 

16 21 

1400 

0 00060 

66 85 

41*18 

17*99 

1*450 

0*00060 

62*27 

45 11 

19 70 

1*500 

0*00065 

67 35 

48 79 

21 31 

1*550 

0 00070 

72*11 

52*24 

22*82 

1 600 

0 00075 

76 75 

66 60 

24 28 

1650 

0 00076 

81*30. 

68*89 

25*72 

1*700 

0 00080 

86 63 

62 03 

27 09 

1*760 

0*00080 

89 88 

65*11 

28 44 

1*800 

0*00080 

94*15 

68 20 

29 79 

1*850 

0*00080 

98*13 

71*08 

31*05 

1*874 

0*00080 

100 00 

72*44 

31 64 


Accuracy — Between 60 and 95% the uncertainty in 
composition for a stated density does not exceed 1 part 
in 400 , above and below this range tiie uncertainty is 
slightly greater The figures in the second column 
refer to expansion of the acid solutions in the neigh- 
bourhood of ir)'’c Below about 60% H 3 PO 4 the 
thermal expansion increases rather rapidly between 
6 ° and 25®0 , and the figures given are to be taken as 
an average for the range 10 - 20 °c. 

It should be noted that in England phosphoric 
acid is marketed in grades defined by density, 
commonly 1*600, 1 600, 1*650, 1*700, and 1*750. 
For these^grados of pure acid the densities at 
60 °f. (pH) are as follows ; 


Peo 

Decrease 
per 1 °F 

Wt -% 
H3P04 

P2O5 

Wt.-% 

P 

1*600 

0*00036 

67*25 

48*71 

21*28 

1 600 

0 00042 

76 65 

55 52 

24 26 

1*650 

0*00042 

81 20 

58*82 

25*69 

1*700 

0*00044 

85*53 

61 96 

27*06 

1*750 

0 00044 

89*77 ’ 

65*03 . 

28 40 


Solutions of phosphoric acid containmg more 
than 72*44% of P2O5 are generally considered 
to consist of equilibrium mixtures of ortho- 
phosphoric acid with pyro- and meta-acids, and 
probably other complex acids. The density of 
these more concentrated acids increases approxi- 
mately Imearly with the excess of P2O5 over 
72*44%, according to the equation ; 

p“=l-874+0 0171(0-72-44) 
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which holds for the range 72-44 <a%p205<86 
(c/. J. H. Lum, J. E. Malowan, and C. B. Durgin, 
Chem. Met. Eng. 1937, 44, 721). 

Viscosity . — ^The values tabulated below are 
based on measurements by Albright and Wilson, 
Ltd., extended to acids stronger than 100% 
H3PO4 by mclusion of data from J. H. Lum, 
J. E. Malowan, and C. B. Durgm (l.c.). 


Viscosity in Centistokes 


Wt -% 1 

H,P04 1 

69 0 

75 9 

82 8 

89 7 

96 6 







wt -% 

P205 

50 

55 

60 

65 

70 

75 

80 

85 

At 

8 4 

12 

20 

37 

83 

260 






— 

5 5 

8 1 

14 

25 

71 

430 

— 

1()0“C 

— 

— 

28 

40 

6 6 

15 

56 

590 


— 

— 

— 

22 

32 

58 

16 2 

126 

170"0 . 




1 9 


42 

— 

— 


Vapour Pressures and Boiling-Points — Bata 
are scanty and not very concordant. The 
following boiling-points dit atmospheric pressuie 
of solutions of phosphoric acid are based upon 
a consideration of the published vapour-pressure 
measurements of I. A. Kablukov and K. I 
Zagvosdkin (Z anorg Chem 1035, 224, 315), 
]\r. M. Striplin (Ind. Eng. Chem. 1941, 33, 910) 
and some boiling-ppint determinations by 
Albright and Wilson, Ltd. At; concentrations 
close to 100% H3PO4 the boiling-pomt is rising 
very steeply, and the data may possibly be in 
error by il5®c. 


Wt -% H3PO4 

50 

60 

70 

75 

80 

85 

11 P , 

109 

117 

129 

136 

147 

150 

Mt-% H3P04 

00 

02 

94 

96 

08 

100 

13 p , °C 

176 

185 

194 

200 

228 

270 


For more dilute solutions, vapour-pressure 
data at 100°c. are given by G. Tammann 
(Landolt-Bomstein, “ Physikalisch-Chemischo 
Tabollen,” Vol. II, 1923, 'p. 1389), by I. A. 
Kablukov and K. I. Zagvosdkm c ) at tempera- 
tures from 26° to 80°o., and by G. 8, Kasbekar 
(J. Indian Chem Soc. 1940, 17, 657) at 25°o 
Further measurements (calculated to activities) 
at 25°o. are given by K. L. Elmore, C. M 
Mason, and J H Christenson (J. Amer. Chem. 
Soc., 1946, 68, 2528) for the range 0-75 mol -% 
H 3 PO 4 . It appears that Kablukov and 
Zagvosdkm’s values at this temperature are 
somewhat too high for concentrations higher 
than 25 mol -% HgP04. A nomograph for the 
range 25-40°c and 77-94% HgP04 is given by 
J H. Perry and H C. Duus (Chem. Met. Eng 
1934, 41, 74). 

Specific Heat . — Specific heats of phosphoric 
acid solutions at 21-3°c., and the mean specific 
heats over certain useful temperature ranges, 
have been determined by M. M. Popoff, S. M 
Skuratoff, and N. N. Feodossjeff (Z. physikal 
Chem. 1933, A, 167, 42). The values at 21*3°c. 
are consistent with the formula : 

Sp. heat (21 3°c )=1 000-(7'54x 10--3)n 

-~(4-3x 10-«)a24-(l-827x 10-7)713^ 

for 0<w% H3P04<90. This formula is pro- 
bably correct to within one part in fifty. An 


mdependent measurement at 71=100 gave 0 37. 

The data for the mean specific heats between 
20°c. and 100°c. are consistent with the formula ; 

Sp. heat (20-100°c.) = l 0109-0 00709 m 

for O^M^ H3P04^60. ‘The values obtained 
from this formula are probably accurate to 
withm one part m fifty. For acids of con- 
centrations higher than 60% the mean specific 
heats are given by these authors for the tem- 
perature ranges from about 20°o. tc^emperatures 
close to the boiling-points of the solutions. The 
data are tabulated below (rounded figures). 


% H 3 PO 4 

Temperature 
raiiKe, ‘’c. 

Mean specific 
heat 

65 

20-118 

0-59 

70 

20-120 

0-57 

75 

*20-130 

0 54 

80 

20-140 

0 52 

85 

21-150 

0 49 

90 

22-150 

0-48 


Heat Transfer^ Film Coefficient — R. E Zmn, 
H G. Thoeming, and C. G. Buncan-Clark 
(Trans. Amer. In&t. Chem. Eng. 1941, 37, 399) 
determined the film coefficients, h, B Th U. per 
hr. persq ft per °F., for heat transfer from phos- 
phoiic acid to impregnated graphite (Karbatc). 
Their data for acids of three concentrations 
can bo summarised by the equation log^^, h = 
A logiQ Re^By where is the Reynolds num- 
ber, and A and B are constants which have the 
following values : 


wt -% 

H,P04 

A 

li 

Temperature 
range, °c 

55 

0 73 

0 24 

30-80 

80 

0 84 

0 62 

30-80 

90 

0 98 

1 07 

40-80 


Latent Heats of Fusion . — From the measure- 
ments of heats of solution by J. Thomsen and 
A. Joly (J. Thomsen, “ Thermochemische Unter- 
suchungen,” Leipzig, 1882-86) the following 
values for the heats of fusion are derived : 



Kg. -cal per 



g formula 

G -cal per g 


weight 

H,P 04 

2 52 

25 7 

HjPOi.IH.O . 

364 

34-0 


Heals of Dilvixon . — The data tabulated below 
are based mainly upon the measurements of 
J. Thomsen and A. Joly (J. Thomsen, op. cit ). 
The first column gives the percentage by weight 
of H3PO4 in the hquid before dilution. The 
second column gives the density pj® of the liquid . 
The third column gives the heat evolved (per g. 
of H 3 PO 4 contained m the solution) on dilutmg 
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the acid to a very low concentration (t.c., the 
limiting heat for “ infinite dilution ”). The last' 
column gives the corresponding heat evolution 
per litre of solution taken for dilution. The heat 
evolved on dilution from one concentration to 
another is obtained by combination of the appro- 
priate heat values in the third column. The 
heat values apply strictly to dilution at 19°c. 


% H 3 P 04 

G -cal^^er g 

Kg -cal pci litre 
solution 

100-00 

54 6 

102 1 

91 58 

45 3 

73 4 

89 88 

43-2 

68 2 

85 63 

38 0 

55 3 

80 00 

32 6 

42 7 

70-00 

25-4 

27 2 

67 35 

23-7 

23 9 

60 00 

19 8 

17-0 

50 00 

14 9 

10 0 

40 00 

10 3 

5-2 

20-00 

52 

1 2 

10 00 

30 

03 


Dissociation Constants . — The thermodynamic 
constants for the dissociation of HgP04 aic 
expressed by : 

pZi-2 0304+(r)X 10-5)(^+18)2 

for 0<^rc <50, with a probable crroi of leas 
than 1% (L. F. Nims, J Amcr. Clicm. Soc. 1934, 

Titration Curve of Phosphoric Acid 
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56, 1110). This gives /vi~7 54xl0”2 at 25%. 
The thermodynamic constants for the dissocia- 
tion of HgPOj* are expressed by : 

pA2=2,073 0/T--5 9884+0 020912'i’ 

where T =^+273-16, and 0</% <50 (R. G 
Bates and S F. Acrec, J. Res. Nat. Bur. Stand 
1945, 34, 373), whence at 25°c. p/f2=7 1993, or 
A'2=6 32x 10”®. Within the stated tempera- 
ture range the equation reproduces the measure- 
ments with a maximum departure of 0 0023 
At 55° and ()0°c., the experimental values of 
pA2 are respectively 7 1870 and 7* 1944. Other, 
somewhat less recent, data for pAj and 
in agreement. 

The third dissoeiation constant is only approxi- 
mately known, pAg is between 12 and 13, so 


that trisodium phosphate is considerably 
hydrolysed in solution. 

Titration Curve of Orthophos phone Acid . — 
The fact that Aj, A'g, and Ag are of quite 
different orders of magnitude makes the titration 
curve of considerable interest. When sodium 
hydroxide solution is added to a solution of 
phosphoric acid, neutralisation to NaH2p04, 
Na2HP04, and Na3P04 occurs m throe 
separate stages. Fig. 8 shows the variation in 
pH during the addition of NaOH solution 
(0 0919 N.) to 100 c.c. of HgP04 solution 
(0 01277 M.) at 20°c. (data from H. T. S. Britton, 
JCS 1927,614). 

Pyrophosphoric Acid, H 4 P 2 O 7 . 

Preparation . — Aqueous solutions of the free 
acid are readily prepared by passing hydrogen 
sulphide through suspensions of lead or copper 
pyrophosphate and concentrating the filtered 
solutions by freezing or vacuum evaporation. 
Hydrolysis to orthophosphate is slow at room 
temperature, but rapid at 100°c. The usual 
method of manufacture of pyrophosphoric acid 
IS from orthophosphoric acid, either by heating 
to remove watei (at about 250°c.) or, preferably, 
by adding j^hosphorus pontoxidc and heating 
and stirring By either method, when the com- 
position has been adjusted to H4P2O7 a viscous 
lujuid IS obtained which usually remains liquid 
at room teinpcratuie for a long time , eventually 
solidification occurs 

Properties. — The melting-point of the an- 
hydrous and IS about 61°c. A hydrate, 
H4P207,UH20, m p 26°c , has been reported 
(H. Giran, Compt lend, 1908, 146 , 1270). 
The density of the iKpiid of empirical com- 
position H4P2O7 IS expressed by p\ — \ 992 
—0 000683 (^-^ 20), for temperatures /°c (J H. 
Lum, J. E Malowan, and C B Durgin, Chera. 
Met Eng 1937, 44 , 721). For strong acidg of a 
range of composition including H4P2O7, pj® is 
given under the heading J^hosphoric Acid. 

Viscosity — The iKpiid acid is included in the 
table of viscosities given under Phosphoric Acid. 
HjPgO? contains 79 76% of P206* 

When solid anhydrous pyrophosphoric acid is 
carefully dissolved in water, hydrolysis through 
temperature rise being avoided, analysis (see 
A. B. Gerber and F T. Miles, Ind. Eng. Chem. 
[Anal], 1938, 10 , 519) show’s that the solute 
remains essentially pyrophosphoric acid. If, 
however, the acid is first heated above its melt- 
ing-point, and the luiuid cooled to room tem- 
perature and dissolved, a substantial proportion 
of the acid is found in the form of a mixture of 
meta- and ortho -phosphoric acids. It should be 
noted that pyrophosphoric acid is not used as a 
starting point for the large-scale man\jfacturc of 
pyrophosphates. 

Dissociation Constants — The four dissociation 
constants are known with only moderate ac- 
curacy at 18°c., pAj-^-O 85, pA«=I 96, 
pA"3=6 68, pA4=9 39 ; the first two values are 
those of G. A. Abbott and W. C. Bray (J. Amer. 
Chem. Soc. 1909, 81 , 729) and the last two of 
I. M. Kolthoff aud W, Bosch (Rec. tr^v, (?ym. 
1928, 47 , 819). 
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Metaphosphoric Acid, ( HPO ^) x - 

When phosphorus pentoxide reacts with the 
correct amount of water, and the product is 
heated until it becomes physically homogeneous' 
(in practice this means obtaining a liquid at 
360®o. or over) and then cooled, metaphosphoric 
acid is obtained with physical properties which 
depend upon the temperature and duration of 
heating and the rate of cooling. It is more 
usual to start with orthophosphoric acid and 
dehydrate it by strong heating. Metaphos- 
phoric acid has been obtained in various stages 
of polymerisation, but much of the work 
reported is in need of repetition with attention 
to purity; the extremely corrosive nature of 
hot metaphosphoric acid requires special con- 
sideration. Reference may be made to the 
work of P. Pascal and Mme. R6chid (Compt. 
rend. 1933, 196, 828) ; Mme R^chid (ibid., 1933, 
196, 860) ; A. Travers and* Y. K. Chu (ibid, 
1934, 198, 2100), where the preparation and some 
properties of dimetaphosphoric acid, H 2 P 20 g, 
are described. All varieties of metaphosphoric 
acid vaporise when heated to l,000°c. Accord- 
ing to W. A. Tilden and R. E. Barnett (J.C S. 
1896, 69, 154) the vapour density, by the Victor 
Meyer method in platinum apparatus, is com- 
patible with the dimeric formula H 2 P 2 O 8 ; 
however, there are indications of decomposition 
with loss of water, and this interpretation of the 
vapour density is uncertain. 

As marketed commercially, metaphosphoric 
acid (or glacial phosphoric acid) appears as a 
sticky solid For some purposes this is 
hardened by inclusion of a considerable propor- 
tion of sodium metaphosphate, to make it easier 
to handle. The highly polymensed forms of 
metaphosphoric acid (glasses) all possess the 
property of coagulating albumen, and in general 
of reacting with proteins. The acid strength of 
metaphosphoric acid is somewhat greater than 
that gf H3PO4. 

HYPoriiosPHORic Acid, H4P2OQ 

Preparation . — When white phosphorus par- 
tially immersed in water is allowed to oxidise 
m air, a mixture of hypophosphoric, phos- 
phorous, and phosphoric acids is formed. 
Addition of sodium acetate precipitates the 
slightly soluble salt NagHgPgOgjGHjO Anodic 
oxidation of copper phosphide yields up to 60% 
of the dissolved phosphorus as hypophosphate 
(A. Rosenheim and J. Pinsker, Ber. 1910, 43, 
2003). This has been confirmed by S. C. PYowde 
(University of London Thesis, 1938, “ The 
Preparation and Anodic Oxidation of Metallic 
Phosphides ”). Oxidation of red phosphorus 
by cold sodium hyi>ochlorite solutions gives a 
26% Yield of hypophosphate (J. Probst, Z. anorg. 
Chem. 1929, 179, 165). 

Structure. — There is no reasonable doubt 
that the double formula H 4 P^O 0 is correct. 
None of the properties of the acid or its salts is 
definitely inconsistent with the double formula, 
whereas the freezing-point lowermg, allowing for 
dissociation and the ionic field effect (P. Nyl 6 n 
and 0. Stelling, ibid. 1933, 212, 169), the Raman 
spectrum ^J. Gupta and A. K. Majumdar, J. 
Indian Chem. Soc. I942p 19, 286), and decisively 


the diamagnetism of hypophosphates in general 
(F. Bell and S. Sugden, J.C.S. 1933, 48) are not 
compatible with the single formula ; H 2 PO 3 
and its salts would contain an odd number of 
electrons, and would therefore be paramagnetic. 
As between the unsymmetrical structure 
(H 0 ) 2 (P 0 ) 0 (P 0 ) 0 H*H and the symmetrical 
structure (HO) 2 (OP)‘(PO)(OH) 2 , (or their 
corresponding 4-co-ordinatccl forms, 

HjCOjPOPHO,] and H,[ 03 PP 03 ]) 

the symmetrical is the more likely. It explains 
the tetrabasicity of hypophosphoric acid, and the 
position and singleness of the X-ray absorp- 
tion edge associated with the P atoms. The 
only evidence favouring the unsymmetrical 
structure is the fact that sodium hypophosphate 
can be oxidised to sodium pyrophosphate by 
bromine water, suggesting the pre-existcnce 
of the P-O-P linkage (B. Blaser and P Hal- 
pern, Z anorg. Chem. 1933, 216, 33) However, 
a consideration of the comparative structures of 
the P 4 molecule and the P 40 g molecule, which 
IS formed at low temperatures from P4, weakens 
this argument. Tt is also interesting that the 
methods by which hypophosphoiic acid has 
been obtained either involve oxidation of ele- 
mental phosphorus, or hydrolysis and oxidation 
of P 2 I 4 (d H Kolitowska, ibid. 1937, 230, 310), 
or oxidation of phosphorous acid by iodine, and 
in all of these the formation of a P — P bond 
seems readily intelligible. 

Hypophosphoric acid slowly hydrolyses in 
aqueous solution (much more rapidly in the 
presence of added strong acids, or when heated) 
to orthophosphoric and phosphorous acids. 
Alkalis do not accelerate the hydrolysis ; at 
first sight this IS unexpected in view of the F-P 
bond, but the strong repulsion of the OH”* ion 
by the quadruple charge of the hypophosphate 
anion may bo the explanation. 

Properties. — Hypophosphoric acid forms a 
hydrate H 4 p 20 Q, 2 H 20 , m p. 62°c. This slowly 
loses water in a desiccator, partial liquefaction 
occurs, and the anhydrous acid separates, m.p. 
55°c. (A. Joly, Compt. rend. 1886, 102, 110) 
The hydrated acid is stable in the solid state, 
but decomposes rapidly and exothermally just 
above its melting-point into phosphorous and 
phosphoric acids. It is a very Soluble substance. 

The four dissociation constants are approxi- 
mately pXi= 2 * 2 ; pX 2 == 2 * 8 ; pX 3 = 7 - 3 , 

pX 4 = 10 . All four senes of sodium and am- 
monium salts are known, and also some salts 
that are more acid. The silver and thorium 
salts, Ag4P204 and Th P 2 ^ 4 » very msoluble 
and have been used in analysis. Many hypo- 
phosphates are sparingly soluble. They decom- 
pose when strongly heated, much in the same 
way as phosphites. 

Phosphorous Acid, H3PO3. 

Two methods of preparation are used for com- 
mercial purposes. Phosphorus trichloride can 
be hydrolysed by water (it is best to use a con- 
centrated solution of hydrochloric acid as the 
source of water, and to cool during the reaction). 
Evaporation up to but not exceeding 180®c. 
gives a good yield of the crystallme acid. Alter- 
natively, white phosphorus can be boiled with 
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strong caustic soda solution, whereby phosphine, 
hydrogen, and sodium phosphite are produced, 
but not hypophosphite, and the free acid ob- 
tained via the rather insoluble barium salt. A 
variant of this is the use of by-product calcium 
phosphite obtained in the manufacture of cal- 
cium hypophosphite. 

Properties. — Phosphorous acid is a very 
hygroscopic crvstalline solid, m p. It is 

extremely soluble m water. It is a dibasic acid, 
forming two senes of salts corresponding to 
MgHPOg and addition some 

still more acid salts. In general, metalbc 
phosphites, particularly the acid salts, are 
readily soluble, although CaHPOg.HjO and 
BaHP 03 ,JH 20 are exceptions. The free acid 
and all the salts decompose to phosphate, phos- 
phine, and water vapour on heating to tempera- 
tures above about 200°o. Dehydration of 
NaHgPOg well below this temperature gives 
the py rophosphite N a 2 H g which in 

aqueous solution hydrolyses at the boilmg-pomt 
to phosphite. 

Phosphorous acid and the phosphites are 
strong reduemg agents, but as with hypophos- 
phites, the action is often unexpectedly slow. 
Boiling with caustic alkalis does not liberate 
hydrogen. The kinetics of oxidation by halo- 
gens have been extensively studied (A. D. 
MitcheU, J.C S. 1923, 123 , 2241 ; A. Berthoud 
and W. E. Berger, J. Chim. phys. 1928, 25 , 
568, R, O. Griffith and A. McKeown, Trans. 
Faraday Soc. 1933, 29 , 611) 

It is generally considered that phosphorous 
acid has the 4-co-ordmated structure [OgPHjHg, 
or at least that this is the best simple representa- 
tion for the structure of the inorganic phosphites. 
The first dissociation constant of phosphorous 
acid, piLi:iil ‘2 corresponds to a very much 
stronger acid than would be anticipated for the 
structure P(OH) 3 . The point' is discussed by 
G E K. Branch and M Calvin (“ The Theory 
of Organic Chemistry,” Prentice-Hall, Inc., 
New York, 1941) who point out that a tauto- 

merism P(OH) 3 ^ Hp 6 (OH) 2 , with dissocia- 
tion of protons from the O atoms, goes some 
way towards accounting for the discrepancy, 
but does not explain why phosphorous acid is 
even stronger than phosphonc, and also that it 
IS not clear why P(OH)j should not be the 
stable structure. (Dissociation of a proton from 
the P atom leaves the same anion as would be 
given by P(OH) 3 , and, as these authors point 
out, the dissociation constant would then be 
less than that expected for the structure 
P( 0 H) 3 ) Branch and Calvin discuss the 
possible resonance structures which may be 
involved (and which are not possible with 
[POJH 3 ) and conclude that the apparently 
anomalous acid strength 10 to be explamed by 
these structures. 

PVROPHOSPHOROUS ACID. " 

This dibasic acid was prepared by V. Auger 
(Compt. rend. 1903, 186, 814) by shaking to- 
gether orthophosphorous acid and excess of 
phosphorus tnchlorido : 

6H3PO3+ PCl3=3HCI-f SH^PgOj. 


The reaction takes place over several hours at 
30“40®o., and is completed by standing in a 
desiccator with c£lustio potash for some days. 
Pyrophosphorous acid forms noodle crystals 
which melt at 38®c. ; the liquid decomposes at 
about 100°c. Water hydrolyses it instantly to 
phosphorous acid. 

Metapuosphorous Acid, (HPOg)*. 

Oxidation of phosphine by oxygen produces 
phosphoric acid, or phosphorous acid, or a com- 
pound HPOg, according to the conditions of 
reaction. The last named is produced by the 
reaction PH3-l-02=Ha4- POgH, which takes 
place at room temperature when phosphine and 
oxygen, both initially at or below 25*6 mm. 
pressure, are allowed to mix slowly by diffusion. 
Feathery white crystals, melting-point higher 
than 80°o., are formed on the walls of the re- 
action vessel. Nothing else is known about this 
compound except that it reacts with water 
forming phosphorous acid, and hence it was 
considered by its discoverer, H. J, van de Stadt 
(Z. physikal Chem 1893, 12, 322) to be meta- 
phosphorous acid. 

Hypophosphorous Acid, H3PO2 

Properties. — The pure acid forms colourless 
deliquescent crystals, m p 26 5°c , which decom- 
pose above 130°o. into phosphoric and phos- 
phorous acids and hydrogen and phosphine. 
Structurally the substance is written OPHgOH, 
which IS confirmed by the Raman frequencies 
(A Simon and F. Feh 6 r, Z. anorg. Chem. 1937, 
230 , 289) and by Y-ray analysis of the am- 
monium salt (W. H. Zachariasen and R. C L 
Mooney, J. Chem. Physics, 1934, 2 , 34) Hypo- 
phosphorous acid IS a monobasic acid, with p/f 
about the same as pA^ for H3PO4. As with 
phosphorous acid (q v.), hypophosphorous acid is 
considered to be too strong to be HP (OH),- 
and it IS concluded that the anomalous strength 
IS a consequence of resonance. 

Almost all, metallic hypophosphites are readily 
soluble in water. In aqueous solution the acid 
and its salts are strong reducing agents, although 
the rate of reaction is often surprisingly small 
The kinetics of oxidation of hypophosphorous 
acid in aqueous solution by the halogens (A. D 
MitcheU, J C.S 1920, 117 , 1322 ; R. 0. Griffith 
and A. McKeown, Trans. Faraday Soc. 1934, 30 , 
630) and by cupnc and mercuric chlorides (A 
D. MitcheU, J.C.S. 1922, 121 , 1624) have been 
intensively studied 

Manufacture. — Free hypophosphorous acid 
as a commercial commodity is in small demand. 
It IS usually marketed in the form of a 30% 
solution. It IS made from the calcium or barium 
salt by precipitation with sulphuric acid. Hypo- 
phosphites, on the other hand, have^for many 
years been used in pharmaceutical preparations 
The manufacture is always based upon direct 
reaction of white phosphorus with alkaline 
solutions, usually a boihng slurry of hme. The 
products of the reaction are calcium h 3 rpo- 
phosphite (in solution), calcium phosphite (in- 
soluble), phosphine (containing sufficient P 2 H 4 
to make it spontaneously inflammable) and 
hydrogen. The mechanism of this complicated 
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reaction is not understood. The action is often 
represented by two equations ; 

P4+30H-+3Hj0=3H2l>08-+PH3 . (1) 

- HjPOI+OH-^HPOr+Hj . . (2) 

The first of these equations requires that one- 
fourth of the reacting phosphorus shall appear 
as phosphine, and the second requires that the 
volume of hydrogen formed shall bo propor- 
tional to the amount of phosphite. However, in 
a study of the process by Albright and Wilson, 
Ltd., it has been shown that neither require- 
ment is fulfilled, and practical results are much 
more nearly consistent with : 

iP4+20H-+2H20-2H2P02+H2 . (3) 

iP4-f20H--f H20 = HP0:-+PH3 . (4) 

In agreement with these equations, the data 
show that equal amounts of phosphorus appear 
as phosphine and as phosphite, and the volume 
of hydrogen liberated is more nearly proportional 
to the hypophosphite formed than to the phos- 
phite. These generalisations applied to both 
calcium and sodium hydroxides as sources of 
OH~. A certain amount of decomposition of 
hypophosphite by alkali must also occur through 
reaction (2), but it seems to be of subsidiary im- 
portance, especially when lime is used. The 
kinetics of reaction (2) have been studied by 
A. Sicverts and F. Loessner (Z. anorg. Chom 
1912, 76, 10) and it appears that the rate- 
controlling step is first-order with respect to the 
ion H.POi- and second order with respect to 
OH- 

Peracids of Phosphorus 

There is indirect evidence that two peracids 
exist, permonophosphoric acid, H3PO5, and 
pcrdiphosphonc acid, Neither has 

been obtained as the free acid in a pure state 
A number of phosphates and pyrophosphates 
containing co-ordinated hydiogen peroxide ha\e 
been prepared, and these, as S Husain and J R 
Partington emphasise (Trans. Faraday Soc 1928, 
24, 235), have sometimes been confused with 
true perphosphates. A list of such compounds 
will be found in the reference giv en It does not 
appear that either the peracids or the hydrogen 
peroxide compounds have been found useful in 
industry. 

Permonophosphoric acid was prepared by 
J. Schmidlin and P. Massini (Ber. 1910, 43, 
1162) by acting upon phosphorus pentoxide 
with very concentrated hydrogen peroxide 
(96 3% HgOg). Using acetonitrile as an inert 
solvent for the hydrogen peroxide, G. Toenmes 
(J. Amer. Chem. Soc. 1937, 59, 655) obtained 
comparatively stable solutions of the peracid 
m 65% yield : 

Attempts to crystallise solid salts of this acid^ 
led to decomposition. 

Solutions of perdiphosphonc acid have been 
prepared by electrolysis of potassium or am- 
monium dihydrogen phosphate in the presence 
of fluoride (Fr. Fichter and E Gutzwiller, Helv. 
Chim. Acta, 1928, 11, 323). Another method of 
preparation is by the action of hydrogen per- 


oxide upon p3rrophosphoric acid. The solution 
of the acid is rather more stable and less reactive 
than permonophosphoric acid , in particular it 
reacts more slowly with iodide, and an analytical 
distinction between the two is based upon this 
fact. Some perdiphosphates are stable in the 
sohd state. A high concentration of hydrion 
hydrolyses perdiphosphoric acid to permono- 
phosphoric acid. 

VIII. PYROPHOSPHATES, METAPHOS- 
PHATES, AND POLYPHOSPHATES OF 
SODIUM 

Motaphosphonc acid was first reported by 

J. J Berzelius in 1816, and the tetrasodium salt 
of pyrophosphoric acid by L. Clark in 1827 
Systematic study of the salts of condensed and 
polymerised phosphoric acids began with tlie 
recognition by T. Graham (Phil Trans. 1833, 
123, 253) of the constitutional relationship of 
ortho- to pyro-, and meta-phosphates, and the 
distinction between different forms of sodium 
metaphosphate. A voluminous literature on this 
section of inorganic chemistry now exists ; un- 
fortunately some of the earlier work did not take 
advantage of physical principles which were 
understood at the time, and numerous real con- 
tradictions are superimposed on a chaos of 
nomenclature. Historical reviews of the early 
development have been presented by F War- 
schauer (Z anorg Chem. 1903, 36, 137) and 

K. Karbo and G Jander (Kolloid-^^ih 1942, 
54, 1). 

The information presented here is confined to 
the sodium salts, and further restricted to those 
which are well-defined or which have industrial 
importance Parenthetically it may be ob- 
served that in recent years (1935-) there has been 
remarkable growth in the consumption of seveial 
phosphates of sodium. Di- and tri-sodium 
orthophosphates and tetrasodium pyrophosphate 
are widely used in the treatment of water for 
industrial purposes, and as detergents and in 
the manufacture of soap preparations. Sodium 
tripolyphosphate has recently been included 
among the phosphates used m controlling hard- 
ness of water, and its use is likely to expand 
Sodium motaphosphates and the soluble glasses 
intermediate between NaPOg and NasPgOjo 
have become veisatilo industrial chemicals 
through their power of forming stable soluble 
complexes with bivalent and tervalent cations, 
and because of the possession of remarkable 
surface-active properties. Acid sodium pyro- 
phosphate Na2H2P207 IS one of the more im- 
portant acidic constituents now used for aera- 
tion in baking. 

Sodium Pyrophosphates. — The hydrogen 
atoms of H4P2O7 can be successively replaced 
by sodium. NaHgPgO^ is a very deliquescent 
substance prepared by mixing pyrophosphoric 
acid and acid sodium p3n:ophosphate, but has 
not been studied to any extent. Na3HP207 is 
prepared by dissolving Na2H2P207 and 
Na4P207 and crystalhsing the solution. Below 
29°c. NagHPgO^jOHgO separates; this is an 
efflorescent substance which loses water vapour 
to form Na3HP207,H20. Intermediate hy- 
drates, which have been reported, appear to be 
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mixtures of these two. Neither salt has found 
practical application. 

Acid Sodium Pyrophosphate, NaaH 2 P 207 , 
forms large crystals of an efflorescent hexa- 
hydrato. The transition temperature at which 
hexahydrate, anhydrous salt, and saturated solu- 
tion co-exist is 27°o. The solubility is 15 5 g. of 
Na 2 H 2 P 207 per 100 g. of HaO at 25°c. 

The anhydrous salt, in a finely ground con- 
dition, IS the form used in baking powder. 
Many thousands of tons are used annually for 
this purpose in England alone. It is manu- 
factured by dehydrating monosodium ortho- 
phosphate with careful control of temperature 
and time of heating. The process control in 
practice needs to bo closer than would be in- 
ferred from the temperatures at which 1 atm 
pressure of water vapour is reversibly estab- 
lished in the systems : 


150-1 

2NaH2P04-H20 Na2H2p207 


27a-2^0°(^ 


2 NaP 03 -hH 20 


It IS possible to manufacture acid sodium pyro- 
phosphate containmg consistently less than 1 % 
of orthophosphate and less than 1 % of meta- 
phosphate. Several types of equipment are in 
use for the conversion process ; batch ovens with 
the orthophosphate on trays, operated accord- 
ing to a time-temperatnro cycle , rotating drums 
in which orthophosphate batches are heated by 
internal or external firing; or continuous in- 
ternally gas -fired rotary driers. 

Telrasodium Pywphosphate forms a well- 
defined hydrate Na 4 p 2 O 7 , 10 H 2 O by crystal- 
lisation below the transition temperature (79 5°o. 
according to the solubility data of H. Menzel 
and L. Sieg, Z. Elektrochem. 1932, 38, 283), at 
which the anhydrous salt is the second solid 
phase. The solubility according to these authors 

IS 


not form precipitates with Ag+, Pb++, Ca"'"*', or 
Ba'^+. Almost all trimetaphosphates are at 
least moderately sMuble. Stable complex ions 
are not formed, and the substance has found no 
useful application except as an intermediate in 
the manufacture of hydrated sodium tripoly- 
phosphate (qv). 

It 18 probable that the structure of the tri- 
metaphosphate ion w ill prove to contain a sym- 
metrical six-membered ring with alternate P 
and O atoms. If so, it is the anion of an acid 
in which the thife acid functions are so strong 
that they titrate together. Freezing-point 
depression in water indicates a trimcric formula 
(P. Nylen, Z. anorg Cliom 1936, 229, 30). 
Conductance measurements also support this 
formula (\. Wiesler, ibid. 1901, 28, 177). 
Further evidence is provided by the production 
of sodium tiipolyphosphate on hydrolysis by 
caustic soda : 

Na 3 (P 03 ) 3 + 2 Na 0 H aq. 

=.Na 5 P 30 io. 6 H ,0 aq 

The tnpolyphosjihate is comparatively stable 
in alkaline solution, and this hydrolysis of tn- 
metaphosphate is the basis of one of the in- 
dustrial methods of manufacturing hydrated 
sodium tripolyphosphate (U {S P. 2365190, 1944, 
to G. B. Hatch ; G P. 734511, 1943, to W. Faber). 
If the hydrolysis is catalysed by hydrion instead 
of hydroxyl ion, further hydrolysis to ortho- 
phosphate plus pyrophosphate readily occurs, 
the reaction can be arrested at the tripoly phos- 
phate stage by usmg as the acid hydrolytic 
reagent acetic acid and zinc acetate, whereby a 
crystaUine precipitate of hydrated zinc sodium 
tripolyphosphate is produced ; 

Na 3 (P 03)3 aq +H 30 = Na 3 HjP 30 io aq. 
NagHaPjOio aq + 2 Zn(OAc )2 

=Zn 2 NaP 30 io» 9 H 20 + 2 NaOAc aq. 

+ 2HOAC aq. 


Tcini) , "C 0 20 0 40 0 00 0 79 .5 100 0 

G of Na 4 P 207 in 100 

K of H 2 O 2 2 5 5 10 9 24 0 57 5 43 5 

The anliydrous salt is usually manufactured by 
heating diSodium orthophosphate m ovens or 
rotary kilns to a temperature of 400-500°c. No 
special control is required, the salt bemg 
thermally stable, and melting at 985°c. 

In aqueous solution at 100°c., hydrolysis of 
pyrophosphate to orthophosphate is rapid in 
the presence of hydrion and extremely slow at 
pH values between 9 and 13. Concentrated 
caustic alkalis, however, hydrolyse it readily. 

Sodium Trimetaphosphate. — The anhydrous 
salt is made by heating NaH 2 P 04 01 
Na 2 H 2 P 207 to 500-600°c. All other forms of 
sodium metaphosphate (Maddrell salt, Kurrol 
salt, sodium metaphosphate glass) are con- 
verted into trimetaphosphate in this tempera- 
ture range. It is a colourless substance, m p. 
628°c., which crystallises well from molten 
NaPOg, and is readily soluble m cold and 
hot water. Two hydrates are known, 
Na 3 (P 03 ) 3 , 6 HQ 0 , obtained by recrystalhsation 
from water, and Na 3 (P 03 ) 3 ,H 20 obtained by 
precipitation from a hot solution with alcohol. 
At moderate concentrations Na 3 (P 03)3 does 


This hydrated zme sodium tripolyphosphate was 
frequently encountered by investigators of tri- 
metaphosphate, but often mistaken for other 
compounds. 

Sodium Tetrametaphosphate — F. Warschauer 
(Z. anorg. Chem. 1903, 36, 137) made this salt 
by treating copper oxide with excess of ortho - 
phosphoric acid at a temperature not exceeding 
400°c. From the resulting copper metaphos- 
phate the sodium salt was obtained by treatment 
with sodium sulphide solution Crystallisation 
gave needle-like crystals of a tetrahydrate 
N 34 (PO 3)4,41430. A d^caliydrato also exists, 
which decomposes to the tetrahydrate on ex- 
posure to air or in the saturated solution at room 
temperature. The cold saturated solution con- 
tams about 10% of NaPOg Conductance 
measurements by F. Warschauer (l.c,), measure- 
ments of freezmg-pomt lowering by P. Nyl4n 
{ibid. 1936, 229, 30), the work of A. Boull 6 (Ann. 
Chim. 1942, [xi], 17, 213) on conductance and 
freezing-point lowering, and of P. Bonneman- 
Bemia (ibid. 1941, [xi], 16, 395) on froezmg- 
point lowering, all support the tetramenc 
formula. Claims that this salt is reversibly con- 
vertible at high temperatures mto trimetaphos- 
phato have not been substantiated. It is 
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possible that the structure of the anion contains 
an cight-membered ring with alternate P and O 
atoms. A cyclic structure would be consistent 
with its resemblance to sodium trimetaphosphate 
in possessing a well-defined cry^tallme character, 
absence of the weak acid character associated 
with termmal groups of structure — {PO4) 

(v. infra) and small power of complex-ion forma- 
tion (v, infra). 

Sodium Metaphosphate Glasses. — When a melt 
of composition NaPOg is rapidly chilled a trans- 
parent glass 18 obtamed. 10 manufactunng 
practice this can be done by running a continuous 
thin stream of the molt at about 700®o. on to a 
pair of parallel internally water-cooled steel rolls 
which rotate slowly; the metaphosphate glass 
18 squeezed into a thin bnttle sheet in the narrow 
gap between the rolls. This glassy form 
(Graham's salt) was first reported by T. Graham 
(Phil. Trans. 1833, 123, 263), and has since been 
the subject of many investigations. It is often 
designated as sodium hexametaphosphate 
There is reason to believe that the solution 
obtained by dissolving the glass in water con- 
tains a mixture of polymers mostly of higher 
molecular weight than {NaP 03 )Q (c/. O. Lamm, 
Arkiv Kemi, Min. Geol. 1944, 17, A, No. 25). 
Dialysis experiments by K. Karbe and G. Jander 
(Kolloid-Beih. 1942, 64, 1) lead to the conclusion 
that the polymerisation is much greater than 
sixfold, and is sensitive to the conditions of 
preparation, especially the temperature from 
which the melt is chilled, and the closeness of 
the composition ratio Na 20 *p 205 to unity. 

The softenmg point of the glass is slightly 
above 600°c. It is extremely soluble in water. 
The solutions are comparatively stable when 
cold, but hydrolysis to acidic products including 
acid pyrophosphate and monosodium ortho- 
phosphate occurs to a substantial extent in a 
few hours at the boiling-pomt Hydrolysis is 
catalysed by hydnon and hydroxyl ion, the 
stability maximum beinw a little on the alkaline 
side of neutrality. 

Molten sodium metaphosphate at 700®c. 
retains a small proportion of water for a long 
time. This is so oven when the ratio of NUgO 
to P 2 O 5 is accurately unity. On slow cooling, 
water vapour is evolved whilst crystallisation 
of sodium trimetaphosphate proceeds. It may 
be surmised that the water is combmed and that 
the molten substance really contains polyphos- 
phates in which a mmor proportion of the 
negative charges are neutralised by H+ ions. 
The glass obtained by rapid chilling of the melt 
t etains some of the water. For every combined 
HgO molecule in a compound (N a P03)a;,(H20)y 
there must be formed two dibasic groups 
-(POD , each with one H+ ion attached, and 
this will have an acid strength of pK between 
fi and 8 . Actually, metaphosphate glasses with 
the correct Na 20 to P 2 O 5 ratio do give shghtly 
acid solutionsj Also, although the titration 
curve IS essentially that of a strong acid (E. P. 
Partridge, Dual Service News, Hall Laboratories, 
Pittsburgh, 1937) deviations from the titration 
curve of sodium trimetaphosphate, in the ex- 
pected direction, have been found (H, Rudy 
and H. Schloesser, Ber. 1940, 78 [B], 484). 

The description of polymeric meta- and poly- 


phosphates in terms of the electron-octet picture 
is suggestive. A chain in which the repeating 
unit 18 (POg)"* is easily formulated with com- 
pleted octets on both P and O atoms, by intro- 
ducing the concept of electron pairs donated in 
the sense O -> P. But, were the substance 
exactly (NaPOg)®, an open-chain polymer so 
formulated would have one end terminated by the 
group (PO4) and at the other end the group 
(PO3) with 6 electrons in the outer shell of the 
P atom and zero net charge on the group. Join- 
ing the ends by an O P linkage gives a sym- 
metrical cychc structure with all octets com- 
pleted, and eliminates the weak acid function of 
the terminal (PO4) group. The fact that 
“ weak acid behaviour is not found in the 
titration curves of sodium trimetaphosphate and 
sodium tetrametaphosphate is the mam reason 
for ascribing to them cychc structures, smee an 
open- chain polymer '^1 have at least one 
-(PO 4 )— ■ group. Moreover, it seems not un- 
likely that the terminal (PO3) group would im- 
mediately react with water by co-ordmatmg 
oxygen, completing all octets, and formmg the 
termmal group (PO4) (H‘‘)2. In this con- 

nection, it is interesting that attempts to prepare 
a monomeric HPO3 or NaPOg have boon un- 
successful. From this pomt of view true meta- 
phosphates exist only as cyclic structures. The 
titration curves of pol 3 q)hosphates will approxi- 
mate more closely to the curve for trimeta- 
phosphate as the chain length of the polymer 
mcreases, since the proportion of “ weak acid ” 
groups IS inversely proportional to the chain 
length. An attempt has been made to utilise 
the form of the titration curve to ascertain the 
chain length (0. Samuelson, Svensk Kcm. Tidskr. 
1944, 56, 343), and, for NaPOg glass, molecular 
weights of over 10,000 were found. 

Pure metaphosphate glasses are not often used 
mdustrially ; most of the commercial products 
contain a higher ratio of NagO to PgOg than 
unity. For example, in England, the USA, 
and Germany a product known as “ Calgon " 
has been widely used for the past ten years , this 
usually has an NagOiPgOs mol. ratio approxi- 
mately 1 1 : 1 ; other metaphosphate glasses are 
marketed with a somewhat higher* ratio. All 
these products must m the mam consist of 
mixtures of polyphosphates, but they (lifter 
little from pure metaphosphate glasses m many 
respects. They have, however, practical advan- 
tages over the latter, bemg more rapidly 
soluble and developing acidity m solution more 
slowly. “ Calgon " and similar condensed phos- 
phate glasses are marketed as “ plate,” which is 
the sheet glass broken into small pieces, or m a 
granular form, or ground to a powder. In all 
forms it is very hygroscopic. The applications 
of “ Calgon," most of which depend upon an 
abihty to form stable complexes with calcium 
and magnesium ions, are discussed later to- 
gether with the applications of other sodium 
metaphosphates and tripolyphosphate. 

Insoluble Sodium Metaphosphate (Maddrell 
Salt). — When monosodium phosphate is de- 
hydrated at a temperature not exceedmg 400°c., 
the final product consists of a mixture of soluble 
sodium trimetaphosphate (which can be removed 
by washing) and an insoluble metaphosphate 
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possessing a characteristic X-my pattern. The 
proportion of insoluble raetaphosphate is very 
sensitive to the exact conditions of dehydration, 
and may vary in a seemingly capricious way 
from 5 to 98%. The relation between sodium 
trimetaphosphato and insoluble sodium meta- 
phosphate is not quite clear; the latter is cer- 
tainly rapidly converted into the former at 
temperatures above about 450°o., and there are 
indications that the reverse change occurs very 
slowly below about 410°c 

Insoluble sodium metaphosphate may be a 
mixture of more than one polymer, but there 
is no reliable evidence. Although frequently 
designated as sodium monometaphosphate rius 
is certainly wrong It must be a highly poly- 
merised form, because on dissolving by the aid 
of ammonium chloride (v. infra) a treacly phase 
separates on addition of alcohol, and this after 
washing to remove ammonium chloride redis- 
solves in water to give a viscous solution It is 
sometimes referred to as Maddrell salty having 
been prepared by R Maddrell (Phil. Mag. 1847, 
[ill], 30, 322) by heating sodium nitrate and con- 
centrated phosphoric acid. The original pre- 
paration by heating monosodiiira orthophos- 
phate was due to T Graham (Lc,). The only 
substantial established application of insoluble 
sodium metaphosphate is in dentifrice. 

A peculiar property of Maddrell salt is that 
although practically insoluble in boiling w'ater 
(and only very slowly hydrolysed) it dissolves 
comparatively freely in the presence of salts of 
univalent cations other than sodium, for example 
potassium nitrate or carbonate, or ammonium 
chloride or nitrate , moreover a mixture of finely 
ground Maddrell salt with insoluble potassium 
raetaphosphate (the latter resembles Maddrell 
salt in method of preparation and insolubility 
in water) will gradually dissolve on boiling 
giving a solution of both sodium and potassium 
metaphosphates. Calcium ions in small pro- 
portion also increase the rate of passage into 
solution. The interpretation of these facts is 
not clear. The observation concerning the effect 
of potassium and ammonium ions was made 
by A G. Taylor (B.P. 543218, 1940) where 
it IS also shown that the stability against 
hydrolysis of the dissolved raetaphosphate is 
higher than that of glassy metaphosphate. 

K urrol Salt — This is a remarkable form of 
sodium metaphosphate, which may, be de- 
scribed as insoluble, in a restricted sense. It 
was fiist mentioned by G. Tammann (J. pr. 


Chem. 1892, fii], 46u 467) and attributed to a 
collaborator after whom it was named. Kurrol 
salt 18 a fibrous crystalline substance, with a 
characteristic JC-ray pattern. In cold water it 
very slowly swells, so that the asbestos -like 
crystals soften and pass mto a gel, which ulti- 
mately disperses to a highly viscous solution. 
The presence in the water of small concentrations 
of ions other than sodium, e.g., potassium, am- 
monium, or calcium, assists this process. 
Analogous behaviour has been desenbed for in- 
soluble potassium metaphosphate, which is a 
substance more akin to sodium Kurrol salt than 
to Maddrell salt. In the presence of small con- 
centrations of sodium or ammonium ions, swell- 
ing of the metaphosphate occurs, and ultimately 
dispersion to a viscous solution (A. G. Taylor, 
Ic. ; G P. 743002, 1943, to H. Huber and R. L. 
von Reppert). The viscosity is much reduced 
by boiling before any substantial hydrolysis to 
pyro- and ortho-phosphate has occurred. In 
the cold, the solutions retain their high viscosity 
for months. 

Sodium Kurrol salt is not difficult to prepare 
even on a manufacturing scale if the conditions 
are properly adjusted. Sodium metaphosphate, 
or materials which give it on dehydration (which 
may have a very slight excess of P 2 O 5 , but must 
not have a deficiency), is melted, and allowed to 
cool at a moderate rate until solid. (Too rapid 
cooling gives glass, and too slow cooling gives 
trimetaphosphato only.) A small proportion of 
Kurrol salt mixed with some glass and some tri- 
metaphosphate is the usual result. Froih this 
the Kurrol salt can bo obtained by washing away 
the freely soluble metaphosphate. Repetition 
of the fusion and moderately slow cooling, but 
now seeding the melt generously with powdered 
Kurrol salt just before solidification begins, 
gives a large proportion of well crystallised 
Kurrol salt. Once the mrit has solidified, the 
further cooling should be rapid, to prevent trans- 
formation into trimetaphosphate. The reality 
of sodium Kurrol salt has more than once been 
mcautiously denied. An account of the prepara- 
tion and of some properties of sodium Kurrol 
salt 18 given by H. Huber and K. Klumpner 
(Z. anorg Chem 1943, 251, 213). 

lielations among the Sodium Metaphosphutes , — 
The diagram below summarises the relations 
among those forms of sodium raetaphosphate 
the existence, except for sodium tetrameta- 
phosphate, and properties of which have been 
established beyond question. Several other 
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forms have been reported, but their existence is 
doubtful. The transformation of trimetaphos- 
phate to Maddrell salt below 410°c. has been 
omitted from the diagram, as being still in need 
of confirmation. 

Sodium Tnpolyphosphate — This compound is 
often, and perhaps better, called sodium tri- 
phosphate. It IS usually encountered as a finely 
divided anhydrous powder, which hydrates 
slowly to Na5P30iQ,6H20 by absorplion of 
water vapour, but remains almost free-flowing 
The hexahydrate is also formed by evaporation 
of the aqueous solution below about 60°c. 

Sodium tripolyphosphate was first reported 
by F. Schwarz (ibid. 1895, 9, 249), but its 
existence was doubted by many workers until 
confirmation was supplied by H Huber (Angew. 
Chem. 1937, 50, 323) and K. R Andress and 
K. Wiist (Z. anorg. Chem. 1938, 237, 113 , 1939, 
241, 196), The work of E. P. Partridge, V. 
Hicks, and G. W. Smith (J. Amer. Chem. Soc. 
1941, 63, 454), using X-ray and thermal analysis 


methods, has brought enlightenment albout the 
conditions of formation and stability of sodium 
tnpolyphosphate; their results have recently 
been confirmed by G W. Morey and E. Ingerson, 
using optical methods (Amer. J. Sci. 1944, 242, 
1). The situation js most easily understood in 
terms of the phase diagram of Fig. 10, taken from 
the paper of E. P. Partridge et al. Composition 
for any system in the range NagO P20g=2*l to 
Na20:P205=l.l is expressed in terms of the 
components Na 4 P 207 and NaPOg, the per- 
centage by weight of Na4p207 being plotted as 
abscissso; thus NagPgOjo a-Ppc'ars at 72-3% 
Na4P207 It will be seen that on cooling a 
melt which has the empirical composition of 
N^5^3^10» Na4P207 separates first, leaving a 
liquid richer in NaPOg , to obtain pure sodium 
tnpolyphosphate, the melt should be cooled 
slowly fiom the pcritectic temperature of 622°c 
down to about 550°c., so that the crystals of 
Na4P207 have time to redissolve in the remain- 
ing liquid as it becomes progressively iieher in 
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NaPOg If the cooling m this temperature 
range is too rapid, the product contains much 
crystalline Na4p207 and glassy material rich 
m P206* When the proportion of true sodium 
tnpolyphosphate is high, the solid breaks up 
into a powder as cooling towards ordinary 
temperature proceeds ; doubtless this is caused 
by a polymorphic change discovered by E. P. 
Partridge et al. (I c.). 

Sodium Tefrapoly phosphate (Sodium Tetra- 
phosphate ), — In the literature and in patents 
there are numerous references to sodium tetra- 
polyphosphate, but it is generally believed now 
that no true compound of formula Na3P40i3 
has yet been isolated Commercial phosphate 
glasses referred to as sodium tetrapolyphosphate 
have the same uses as “ Calgon.'' 

Calcium Complexes formed by Meta- 
phosphates and Polyphosphates. — The 
property, possessed by solutions of glassy sodium 
metaphosphate, of forming stable complex ions 
with calcium and magnesium was discovered 


and utilised by R E Hall (^ee R.P. 424677 and 
424959, 1935, to Hall Laboratories Inc., of 
Pittsburgh). The stability of the complex ions 
IS such that calcium salts as little soluble as the 
oxalate and carbonate, and some calcium soaps, 
are dissolved by dilute metaphosphate solutions. 
The property of forming such (anionic) com- 
plexes is shared by all the sodium meta- and 
poly-phosjihate glasses, and by the solutions, 
described above, of Maddrell salt and sodium 
Kuriol salt. It is also possessed by sodium tri- 
polyphosphate. The term “ sequestering ” in- 
tioduced by Hall Laboratories to designate the 
virtually complete elimination of Ca'*"*' ions 
whilst retainmg the calcium in solution m the 
form of a soluble complex, has become current 
m relevant United States and English industrial 
literature. The sequestering action is nob con- 
fined to calcium and magnesium, and it is used 
to suppress other unwanted ions in special appli- 
cations, such as bivalent copper. Ferric iron is 
sequestered (for example the ferric thiocyanate 
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complex is decolorised by metaphosphate), but 
the stability of the metaphosphate ferric complex 
18 not sufficient to prevent precipitation of ferric 
hydroxide if the pH is high. As a quaUtative 
description of the action upon calcium ions, one 
part by weight of Ca+‘^ is sequestered by 
approximately 14 parts of (NaPOg)®, the 
criterion of the elimination of Ca‘*‘+ ions being 
the usuahsoap-lather test. 

As an order-of-magnitudo measure of the 
stability of the calcium complexes, the dissocia- 
tion constant at 25®c. of the complex ion con- 
sisting of Ca^*^ sequestered by sodium tripoly- 
phosphate is 3x10“’ g -mol. litre-i. The 
experimental method used was measurement of 
the solubility of calcium oxalate in dilute 
sodium tripolyphosphate solutions. Determina- 
tions of the effect of sodium tripolyphosphate 
upon the potential of a zinc electrode gave a 
value of K for the zinc complex of the same order 
of magmtudo. Thus the addition of 2 milli- 
mols. of NagPgOiQ to a solution of 1 millimol. 
of Ca'^+ in a litre reduces the free Ca'^+ ion 
concentration to 0 03% of its original value 
The measurement was made in a solution 
adj ustod to pH 1 1 . Pure sodium metaphosphate 
glass, in a solution of pH 10, forms an even more 
stable calcium complex than NagPsO^o at 
pH 11. When the sequestering agent is a poly- 
phosphate, the action is much more pronounced 
in alkaline than in neutral or slightly acid solu- 
tion; with substantially pure metaphosphato 
the effect of high pH is much less. If the sug- 
gestion is acceptable that the complexes are 
merely an extreme case of “ ion association by 
electrostatic attraction, the stronger pH effect 
with tripolyphosphato is readily explicable 
Two of the five negative charges of the 
(PgOio'''") anion are associated with acidic 
functions having dissociation constants com- 
parable with 3x10“’, so that hydrogen ion 
competes effectively with Ca++ ion for the 
available negative charge. The converse, i.c., 
a decrease of pH when is sequestered, also 
occurs. That this pH effect is much less con- 
spicuous with pure glassy metaphosphate than 
with polyphosphate, is m accordance with the 
much higher dissociation constant of the 
hydrogen ion from the smgly charged P 03 ~ 
groups of a metaphosphate polymer. 

In support of the view that electrostatic attrac- 
tion offers a sufficient explanation of the force 
responsible for the sequestering effect, attention 
IS drawn to the circumstance that the meta- 
and poly-phosphates in question are essentially 
flexible structures carrying a multiplicity of 
negative charges. Such structures can adapt 
themselves with little strain so that two or more 
of the seats of negative charge lie in close 
proximity to a positive ion. With bi-bivalent 
electrolytes such as calcium sulphate or zinc 
sulphate there is little doubt that association 
into ion pairs as envisaged by N. Bjerrum does 
occur to a substantial extent. Estimates of the 
dissociation constant K have been made for 
zinc sulphate, ranging from 0*003 to 0*006 g.-mol. 
litre“i (see H. S. Hamed and B. B. Owen, “ The 
Physical Chemistry of Electrolytic Solutions,** 
Reinhold Publishing Corporation, 1943, p. 426). 
If the sulphate ion is replaced by a flexible 

VoT 


multiply charged anion such as tripolyphosphate 
OgPOfPOjlOPOj”, it IS d fortiori to bo 
expected that bivalent cations will form as- 
sociated ion pairs. Since the anion now has its 
charge distributed over more than one centre, 
the expression relating K to the valency factor 
I ^1^2 1 Bjerrum’s theory is not directly 

applicable. However, the electrical contri- 
bution to the free energy may be at least twice 
as largo as with a bi-bivalorit ion pair, whilst 
the main factor favouring the dissociated state, 
namely, the entropy increase on separation into 
two independently moving ions, is not very 
different whether the anion is sulphate or a meta- 
or poly-phosphate ion. Further consideration 
of this situation shows that there is no difficulty 
m understanding, qualitatively at least, the 
sequestering of bi- or poly-valent cations in 
terms of the simple picture of association into 
ion pairs, in which the only source of energy 
balancing the entropy increase on dissociation 
derives from the mutual electrostatic attraction 
of the opposite charges. Univalent cations, on 
the same basis, will be associated in ion pairs 
with the polyphosphate ion to the extent of a 
few per cent only; this is in agreement with 
the absence of appreciable sequestering of silver. 

An important factor affecting the usefulness 
of meta- and poly -phosphates is their liability 
to slow hydrolysis. Hydrolysis of the meta- 
or poly-phosphate complex anions to pyrophos- 
phate and orthophosphate sets free cakiuin, 
which may precipitate out either as calcium 
pyrophosphate or orthophosphate or hydroxy- 
apatite, or as some other very insoluble com- 
pound such as a calcium soap. In most in- 
dustrial applications of sequestering, the water 
IS alkaline, and hydrolysis depends upon attack 
by OH“. The association of Ca+'^ with the 
meta- or poly-phosphate anion would be 
expected to lower the activation energy of the 
hydrolytic reaction in virtue of the reduced 
electrostatic repulsion exerted by the complex 
ion upon the OH“. Moreover, an amount of 
calcium much less than could be sequestered by 
the complex phosphate present might be effective 
m mcreasmg the hydrolytic instability of the 
whole, since it will be continually re-sequestered 
to act as a catalyst for hydrolysis until there is 
no longer sufficient complex phosphate left to 
hold in solution even the small quantity of cal- 
cium. Expenence amply confirms this expecta- 
tion for alkabne solutions. In metaphosphato 
solutions adjusted to lower pH values than tho 
pH of the hydrolytic stabflity maximum, similar 
small proportions of calcium would not be 
expected to have any appreciable effect. Tho 
hydrolytic attack is then by HoO'*’, and the only 
result of the sequestenng will be to increase the 
hydrolytic stability of a small fraction of tho 
complex phosphate present. Such evidence as 
is available verifies this prediction also. 

Uses of Sodium Metaphosphates and 
Polyphosphates. — ^When sodium meta- or 
poly-phosphato glass is added to hard water the 
virtually complete elimination of free Ca"*"^ and 
Mg++ ions is equivalent to softening the water. 
Use is made of this in many detergent operations 
where hardness of the water would reduce the 
effectiveness of soap and alkalis. Moreover, in 
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textile and laundry processing, deposits already 
formed can be removed, and “ Calgon ” is used 
in rinse water for this purpose. 

Several applications depend upon the surface 
adsorption of mcta- or poly-phosphates. In- 
soluble solids are deflocculated, so that finely 
divided pigments and clays and abrasives can 
bo dispersed. Very small concentrations (m 
the range 0 26-10 p.p.m ) of “ Calgon *’ have a 
remarkable power of delaying the growth of 
crystalline precipitates from solutions super- 
saturated with respect to calcium carbonate 
(v, R. F. Reitemeier and T. F. Buehren, J 
Physical Chem. 1940, 44, 635). This effect, 
which is different in nature from the permanent 
sequestering of calcium, is used to avoid for- 
mation of scale when waters of high temporary 
hardness are heated, as in hot-water systems 
and condensers. Similarly, hard waters can 
be stabilised against the formation of scale 
when alkalis are added, and advantage is taken 
of this in cases such as the partial softening of 
domestic water supplies by lime when “after- 
precipitation ” 18 to be avoided ; in the wayside 
treatment of locomotive feed waters with sodium 
carbonate , and the addition of ammonia 
before chlorination The separation of iron 
compounds out of well waters containing ferrous 
bicarbonate in solution is prevented by addmg 
about twice as many parts per million of 
“ Calgon ” as there are of iron in the water. In 
the technical literature of w^ater treatment, this 
action of sodium metaphosjihate and polyphos- 
phates 18 referred to as the “ threshold effect,* 
presumably to distinguish it from the “ se- 
questering effect ** which normally operates at 
much higher concentrations. The distinction 
in principle between the two is that the former 
acts by retarding the rate of an unwanted pre- 
cipitation, the latter eliminates it by establishing 
a new ecjuilibrium state. 

An interesting application of sodium meta- 
phosphate in “ threshold ” concentrations is the 
protection of metal surfaces by the formation of 
corrosion -inhibiting films. Besides iron and 
steel, zinc, copper, brass, aluminium, and lead 
can be given a considerable degree of protection 
from corrosion by a few parts per million of meta- 
phosphate glass dissolved m the water. The 
conditions and the problems of municipal and 
industrial raw water supplies are very varied, but 
to an increasing extent “ threshold treatment ” 
is being tried for control of corrosion of water 
pipes and tanks, or for a combmation of corrosion 
control and retardation of deposition Numerous 
accounts of the “ threshold effect ” have ap- 
peared, particularly in journals devoted to water 
treatment ; summaries and further references 
will be found m papers by G. B Hatch and 
0. Rice (Ind. Eng. Chem 1939, 31, 61 and 68 , 
1940, 32, 1672 , 1946, 37, 710, 762 ; O. Rice and 
E. P. Partndge, xhid 1939, 31, 68). See also 
E. G. B. Gledhill and A. W. H. McCanlis (J. Inst, 
of Water Engineers. 1944, pp. 278-359) , also 
Committee Reports (J. Amer. Water Works 
Assoc. 1941, 33, 1634 ; 1942, 34, 1807) and H. 
Ingleson and G. Thomas (Water and Water 
Engineering, 1946, 14). 

Phosphate conditioning of feed water for 
prevention of scale deposition in high-pressure 


boilers is sometimes done with sodium meta- 
phosphate instead of di- or tri-sodium phosphate, 
when the conditions are such that metaphos- 
phate will pass through the feed linos and heat 
economisers without premature deposition of 
calcium phosphate In the boiler it is rapidly 
hydrolysed to the required orthophosphate, and 
a non-adherent boiler sludge is produced instead 
of hard scale. A discussion of the chemical 
conditioning of boiler-water treatment, including 
different ways in which various phosphates are 
used, has been given by C. W. Tod (Proc Chem. 
Eng. Group, 1936, 18, 52). For a more general 
review of the use of phosphates in water con- 
ditioning, with an extensive bibliography, see 
C. Schwartz and C. J. Munter (Ind. Eng. Chem. 
1942, 34, 32). 

IX. PHOSPHIDES. 

Hydrogen Phosphides. — The most im- 
portant are PH 3, P2H4, and P12H0, although 
others have been reported. 

Phosphine, PHg. Preparation. — The most 
convenient laboratory method is the decom- 
position of phosphonium iodide (v. infra) by 
dilute aqueous alkali. The gas contains traces 
of P2H4, hydrogen, and hydrogen iodide, the 
latter despite the use of alkali in the water. 
Purification is by bubbling thiough concentrated 
hydrochloric acid (to remove P2H4)» then strong 
caustic soda solution to remove traces of acid , 
the gas is dried by calcium chlonde followed by 
phosphorus pentoxide. Traces of hydrogen are 
removed if necessary by condensing the phos- 
phmo by liquid air and pumping oft. For larger 
quantities the best method is treatment of 
mixed magnesium-aluminium phosphide (r 
infra) with water . 

IV!g3P2,2AIP-fl2H20 

-=4PH3-f3Mg(OH)2-|-2AI(OH)3. 

The water is slowly dropped on to the phosphide 
The gas evolved is not spontaneously in- 
flammable before drying After drying it con- 
tains over 96% of PH 3, the remainder being 
hydrogen. An alternative to the use of mag- 
nesium-aluminium phosphide is the use of 
aluminium phosphide alone {see C. Matignon, 
Compt rend. 1900, 130, 1393); it is then 
necessary to use dilute sulphuric acid, with risk 
of hydrogen production from any free metal 
present. 

Spontaneous Inflammability. — Some of the 
applications of phosphine or of phosphides from 
which phosphine is generated depend upon the 
property of spontaneous inflammability. Pure 
dry phosphine is spontaneously inflammable in 
air (see M. Ritchie, Proc. Roy. Soc. 1930, A, 128, 
661 ; also C C. Stephenson and W. F. Giauque, 
J. Chem. Physics, 1937, 5, 149). Moist but 
otherwise pure phosphine does not ignite when 
mixed at atmospheric pressure and temperature 
with air ; if the pressure is reduced, the mixture 
explodes. Phosphine which contains a small 
percentage (upwards of 0 2%) of P^H^ is 
spontaneously inflammable, and this is the 
reason for the self-ignition of the gas prepared 
bv the action of water upon commercial calcium 
phosphide and certain other metallic phosphides, 
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notably sodium phosphide containing a high 
proportion of combined phosphorus. It should 
be remarked that the P2H4 is removed if the 
gas 18 alloXved to bubble through any consider- 
able depth of water. Moist but otherwise pure 
phosphine ignites m air on contact with a surface 
above about 100°c. A useful device for impart- 
ing the property of self-igmtion to a stream of 
phosphine is to add to it a small percentage 
(0'1-1%) of nitric oxide. The mixture must be 
freshly prepared, because the gases slowly react. 
P2H4 should be absent ; it is probable that NO 
and P2H4 are mutually destructive. 

Phosphomum Compounds — Phosphine com- 
bines with hydrogen chloride, bromide, and 
iodide to form phosphomum halides of the 
type PH^I. These are rather unstable sub- 
stances having dissociation pressures equal to 
1 atm at approximately “-30°c., -f40°c., and 
+70°c., respectively. Phosphomum iodide is 
conveniently made by droppmg water (60 g.) 
on to the solid product obtained by the action 
of 100 g. of white phosphorus on 175 g of iodine 
in carbon disulphide solution and distilling off 
the solvent. It sublimes m large transparent 
crystals, Avhich fume in moist air. 

Toxicihj of Phosphine. — Phosphine is a highly 
toxic gas and special care is needed in handling | 
zinc, calcium, magnesium, aluminium, and 
sodium phosphides, and also ferrophosphorus, 
which react with moisture and evolve phosphine. 
The odour provides a warning since the normal 
person can detect 1-10 p p.m., and it is at the 
level of 10-100 p.p m. that danger of poisoning 
arises. The symptoms of acute phosphine 
poisoning are biliousness, weakness, and cold 
sweat, usually followed or accompanied by 
stupor, depression, and thirst. It is reported 
(F. FJury, Anz. Schadlmgskunde, 1937, 13, 26) 
that phosphine acts on the central nervous 
system and that death is usually due to paralysis 
of the respiration No evidence exists to show 
that phosphine poisoning can be chronic; on 
the other hand W. Muller (Arch, exp Path. 
Pharm. 1940, 195, 184) declares that in the case 
of rabbits the poisoning is cumulative. 

Properties — Phosphine is a colourless gas, 
condensing to a liquid, b p. — 87-72°c. The low- 
temporature thermodynamic properties have 
been carefully studied by several authors, in 
particular by C. C. Stephenson and W. F. 
Giauque (J. Chem. Physics, 1937, 5, 149). 
Four different forms of solid phosphine are 
known, the melting-point of the form stable at the 
highest temperature being 139*35°K. under the 
triple point pressure of 27*33 mm. Slow inter con- 
version of two of the low-temperature forms 
made possible an excellent verification of the 
Third Law of Thermodynamics. 

Vapour -pressure Data. — For solid phosphine : 

logioP (mm.)=7*86434-895*700/T 

for 128*67 <T°k< 139*36 (triple point). For 
hquid phosphine : 

logioP (mm.)-10*73075~l,027*300/T 

~0*0178530T-f (2 9136x 10-5)T2 

for (triple point) 139*35 <T®k. <186*562. Above 
the boiling-point the vapour pressure, according 
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to ** International Critical Tables,” Vol. Ill, 
1928, 18 . 

-87 5 -60 -30 0 +10 

p (atm ) 1 00 3 47 9*7 21 6 27 4 

+20 +30 -f40 +.51 (critlcaltemp ) 

p (atm ) 34 2 42 3 51 9 64 (critical pressure) 

Solubility — Water at room temperature dis- 
solves about one- quarter of its own volume of 
phosphine at atmospheric pressure. The density 
of liquid phosphine is given by p\—0 693 
-(6x10“*)^, for -106<^'’c.<-80 (“Inter- 
national Critical Tables,” Vol. Ill, 1928). 

The free energy of formation of phosphine 
from its elements is important in connection 
with the possible industrial interest of the re- 
action between phosphorus and water, giving as 
desirable products phosphoric acid and hydrogen. 
Experimental determinations of the equihbrium* 

4P (red)+6H2^4PH3, 

were made by W. N. Ipatiov and A. W. Frost 
(Ber. 1930, 63 [B], 1104) The data have been 
analysed by D. P. Stevenson and D. M. Yost 
(J. Chem. Physics, 1941, 9, 403) with the aid of 
molecular constants available m the hterature, 
and summarised in their paper. Bringing into 
account also the vapour pressure data for red 
and white phosphorus, Stevenson and Yost’s 
interpretation of the data gives for the gas phase 
reaction : 

P4 (g*)+6H2(g.)=4PH3 (g.) 

(atm*)~3at354'’c. 
and l*9xl0“^2 (atm.)“® at 498®c. Calculation 
for 25°o. gives the standard free energy change 
for the reaction ; 

P (solid, white)+|H2 (g )=PH3 (g ) 

as 3,140 g -cal per g.-mol., so that, so 

far as equilibrium data are concerned, there is 
a definite tendency for white phosphorus to 
combine with hydrogen at ordinary temperature 
and pressure. D. P. Stevenson and D. M. 
Yost (^.c.) tabulate values of and 

for graduated temperatures from 
298 1-1,500 °k. 

A rather complete summary of these and other 
physical properties of phosphine is given by 
D. M. Yost and H. Russell, “ Systematic In- 
organic Chemistry of the Fifth and Sixth Group 
Non-metallic Elements,” Prentice-Hall, Inc., 
1944, pp. 245-248. 

Tetrahydrogen Dlphosphide, P2H4. — This 
hydride, which is a hquid, b.p. 68°o , can be con- 
densed out of the (dried) impure phosphine 
obtained by acting on commercial calcium phos- 
phide (q.v.) or by acting on white phosphorus 
with strong warm caustic alkali solution. The 
preparation and properties are described in detail 
by L. Gattermann and W. Hausknecht (Ber. 
1890, 23, 1174). It 18 unstable and decomposes 
slowly into phosphine and the hydride Pi^H^. 
Its practical importance in connection with the 
self-igmtion of phosphine has been referred to 
above. It seems, at least between 12® and 16®o., 



510 


PHOSPHORUS. 


that the coefficient of expansion is negative. 
The vapour density agrees with the formula 

lofid Hydrogen Phosphide, Pi 2 Hg. — This 
19 obtained as a canary-yellow powder. In a 
more or loss impure form it appears as a by- 
product of many reactions. The commercial 
method of preparation is by the action of hydro- 
chloric acid upon commercial calcium phosphide 
The product is Impure and contains calcium 
In the early years of the present century it was 
manufactured on a small scale in England, with 
a view to its possible use as a material for match 
manufacture, but it did not compete econom- 
ically with phosphorus sesquisulphide. The 
Ignition temperature in air is 160-200°c. It has 
been suggested (P. Royen and K. Hill, Z. anorg 
Chem. 1936, 229, 97 ; P. Royen, ibid. 369) that 
solid hydrogen phosphide, prepared by the 

in reality 


reaction 1 6 P 2 H 4 == 18 PH 3 -i- P 


12 ^ 6 » 


consists of a new amorphous form of phos 
phorus with adsorbed phosphine 

Solid phosphorus hydride is insoluble in most 
liquids, but it dissolves in P 2 H 4 , and in molten 
white phosphorus. The formula P 12 HQ is based 
on a molecular eight determination in molten 
phosphorus. It decomposes on heating, giving 
phosphine and phosphorus. 

Sodium Phosphides. — The sodium phos- 
phides desenbed in the literature are claimed to 
be NaPg, Na 2 P 5 , and NagP. NaPg is made 
from the elements in the presence of gaseous 
ammonia at a low temperature (C. Hugot, 
Compt. rend. 1895, 121, 206). NagPg is made 
from the elements by reaction in vacuum at 
460°c. (L Hackspill and R. Bossuet, ibid. 1912, 
154, 209). NagP is made from NaHgP by 
heating to drive off PHg (A. Joannis, ibid. 1894, 


119, 557) 

Sodium phosphide has been used as the active 
constituent of sea-flares (v. infia). The per- 
centage of phosphorus varies from 20 to 60%, 
according to the purpose for which the phos- 
phide 18 required. The compounds of low 
phosphorus-content contain two distinct types 
of solid, whilst materials containing 30-60% of 
jihosphorus have a shuiy blue-black crystalhne 
appearance. 

These phosphides are made commercially by 
direct union of the elements. Unless the phos- 
phorus content is very low the whole mass 
becomes fluid due to the heat of reaction. The 
product is removed from the reaction vessel 
under oil, since sodium phosphides inflame m 
damp air 

Magnesium Phosphide, MgaPg. — ^This 
material (or the mixed Mg 3 P 2 , 2 AIP) is made 
commercially by applying a local hot-spot to 
an intimate mixture of the theoretical propor- 
tions of metal powder and red phosphorus con- 
tained in an iron vessel. The reaction spreads 
through the whole mass, which becomes bright 
rod-hot (^ee F. Bodroux, Bull. Soc. chim. 1902, 
[lii], 27, 568). The product is a shiny yellowish- 
grey fused crystalhne mass which is stable m 
dry air but is slowly decomposed by damp air 
into phosphine and magnesium hydroxide. It 
will evolve about 50% of its weight of almost 
pure phosphine on reaction with water. 
Aluminium Phosphide, AlP.— Prepared in 


much the same way as MggPg [see Fonzes- 
Diacon, Compt. rend. 1900, 180, 1316). Its 
mam interest lies in its use in fumigation, 
V infra. 

Calcium Phosphide. — The calcium phos- 
phide of commerce is made by heating quick- 
lime m phosphorus vapour, it contains a sub- 
stantial proportion of calcium phosphate. The 
product 18 a brown solid which contains up to 
25% by weight of combined phosphorus and 
will evolve about 10 % of its weight as phosphine 
and P 2 H 4 when treated with water. 

Zinc Phosphide. — Zinc phosphides contain- 
ing various proportions of zinc and phosphorus 
are mentioned in the literature, but the only 
one commercially available is ZngPg. It is 
made by heating an intimate mixture of zinc 
powder and red phosphorus. The reaction is 
highly exothermic. The product is a dark grey 
powder which reacts only very slowly with 
water, but rapidly with mmeral acids, evolving 
phosphine. 

Iron Phosphides. — The four phosphides of 
established composition are FCgP, FCgP, FeP, 
and FePg ; all are hard, brittle, dark-grey solids. 
The ferrophosphorus of commerce does not con- 
form exactly to any of the above formula3 but 
usually contains 20-27% of P and is best con- 
sidered as being mainly FegP with some FeP. 
The remaining 70-80% is mainly iron, the major 
impurity being up to 2% of silicon. It is 
obtained as a by-product m phosphorus manu- 
facture (qv) It IS used as an auxiliary material 
in the manufacture of steel. 

Properties and Uses of Phosphides. — 
The commercial value of the phosphides of 
sodium, potassium, magnesium, alummium, cal- 
cium, and zme lies m their ability to react with 
water to evolve a mixture of phosphine and 
hydrogen; this reaction is vigorous except in 
the case of aluminium and zinc phosphides. 
The gas is spontaneously mflammable in air in 
the case of the phosphides of sodium, potassium, 
and calcium as usually made, and this is duo to 
traces of P 2 H 4 and possibly higher hydrides. 

The gas evolved by the action of water on the 
phosphides of aluminium and magnesium (and 
from the mixed phosphide of these two metals 
which IS manufactured commercially) is much 
purer, containing 96-98% of PHg, the remainder 
being mamly hydrogen. This gas is not spon- 
taneously inflammable m air but becomes so 
when about 0 - 1 - 1 * 0 % of nitric oxide is mixed 
with it. The principle of admixing nitric oxide 
with phosphine has been apphed m certain sea- 
flares since the reaction of sea-water with 
magnesium phosphide or magnesium-aluminium 
phosphide is the most efficient method known 
of producing phosphine for this purpose. The 
phosphine produced from devices of this kmd 
burns m air to give (hydrated) phosphorus pent- 
oxide and water vapour, 

2 PHg-f 40 a-> P2O5+3H2O, 

the smoke and the highly luminous phosphine 
flame being visible by day and night, respectively. 

Aluminium phosphide has been used fairly 
extensively in fumigation. This is particularly 
so in Germany where technical aluminium phos- 
phide is sold as “ Delicick.’*^ Fumigation for 
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weevil in grain is done by burying packets of 
phosphide in the grain for periods of 12-24 
hours and then recovering the packets by pull- 
ing long strings to which they are attached. 
The phosphide slowly evolves phosphine and is 
converted to aluminium hydroxide under the 
damp conditions prevailmg. Fatal poisonings 
have occurred when granaries and dwelling 
houses have possessed a common wall through 
which phosphme has penetrated (v. Toxicity of 
Phosphine, p 615a), 

Zinc phosphide is used as a rat and mole 
poison and general vermm destroyer. 

X. PHOSPHORUS HALIDES. 

The number of possible phosphorus halides is 
considerable because of the existence of mixed 
halides. The following list contains those 
reported as definite : 



M p . “C 

B p , “c. 

Tnhalides : 



P&3 ; : : : 

-152 

-101 

-112 

+74 

PBrj .... 

-40 

+ 175 

PU . . 

+ 61 

decomp. 

PF3CI. . . 

-144 0 

+ 13 9 

PF^Br . . 

-133*8 

-16 1 

PFCU . . 

-164 8 

-47 3 

PFBrj . . . 

-115 0 

+ 78*4 

Pentahalides : 



: 

-83 

-75 

+ 166*8 

decomp. 

PBr, .... 

decomp 

decomp. 

PFsCI^ . . . 

— 

-8 

PFgBr* . . . 

-20 

decomp. 

7c\lhr : ; ; 

— - 1 

z 

PCIgBrj . . . 

+ 3*5 
(decomp.) 

decomp. 

PCUBFj . . . 

— 

— 

Di- or Tetra-halides : 



(PCU)* . . . 

-28 0 

decomp. 

P3I4 .... 

+ 124*5 

decomp. 


A few higher halides, such as PCIgBr^, 
PCIel, PCIaBr^, PBr,, are also known. 

Structure and Molecular Constants. — 
The structures of some of these compounds have 
been determined, mainly by electron diffraction. 
Summarising tables of interatomic distances, 
bond angles, and vibration frequencies are given 
by D. M. Yost and H. Russell (op, cit,, pp. 238- 
240). Additional data have been determmed 
by J. H. Secnst and L. O. Brockway (J. Amer. 
Chem. Soc. 1944, 66 , 1941). PF 3 , PCI 3 , and 
PBrg are pyramidal molecules having P- 
halogen distances respectively 1*52, 2 * 00 , and 
2-23 A. and halogen- P-halogen angles respec- 
tively 104°, 101 °, and 100 °. PC 1 5 is a tngonal 
bipyramid Cl(PCl3)CI with the equatorial 
P-CI distance 2 03. and the axial distance P-CI 
2*12 A. The PFg molecule is similar to the 
PCI 5 molecule; the average P-F distance is 


about 1*57 A. PF3CI2 is also a trigonal bi- 
pyramid, the two Cl atoms being axially 
situated with P-CI equal to 2*05 a., whilst the 
P-F distance is 1*59 a. Generalising from the 
few examples studied, the P-halogen distances 
in mixed halides do not differ much from those 
in the corresponding simple halides. 

X-Ray analysis of the crystal structure of 
solid PC 1 5 shows that the bipyramidal form of 
the isolated molecule in the vapour phase does 
not persist in the solid state The unit cell of 
the crystal is tetragonal and contams two 
tetrahedral PCIJ' ions and two octahedral 
PC If 10ns (D. Clark and H. M. Powell, and 
(independently) A. F. Wells, J.C.S. 1942, 642). 
It is interesting that a saturated solution of 
PCI 5 m nitrobenzene has a considerable elec- 
trical conductivity (G. W. F. Holroyd, H. Chad- 
wick, and J. E. H. Mitchell, ibid, 1925, 2492). 

Chemical Properties. — Halogen atoms com- 
bmed with phosphorus mterchange readily. 
For example, the reactions : 

3PF2Br=2PF3+PBr3 (a) 

PF3+PCl3^PF2CI+PFCl2 .... (6) 
5PF3Cla (gas)-3PF6 (gas)-|-2PCl3 (solid) (c) 
5PF3Br2 (liquid) 

=3PF3(gas)-l-2PBr6(8oHd) . (d) 

are observable (a) at •-78°o., (b) below 400°o., 
(c) at 100°o., and (d) at room temperature. The 
following references to work on the mixed 
halides will be found useful : Prinvault (Compt. 
rend. 1872, 74, 868 ); C. Poulenc (Ann. Chim. 
Phys. 1891, [vi], 24, 548) ; H. Moissan (Compt. 
rend. 1885, 100, 1348); H. S. Booth et al, 
(J. Amor. Chem. Soc. 1939, 61, 2927, 2934). The 
usual method of making the phosphorus halo- 
fluorides is fluorination of PCI3 or PBr- with 
antimony trifiuoride or calcium fluoriae; a 
small proportion of antimony pentachloride is 
added to the PCI3 as a catalyst for the chloro- 
fluorides, and bromme as a catalyst for the 
bromofluoridos. The thermal stability of the 
tnhalidcs decreases as the atomic weight of 
the halogen increases. PI3 readily decomposes, 
whilst PF3 IS an extremely stable gas. How- 
ever, the gloat strength of the covalent bond 
between fluorine and many other elements 
results m the occurrence of some reactions of 
PF3 which are not shared by the other halides. 
Examples are . 

PF3+3H3=PH3+3HF 
4PF3+3Si-3SiF4+ P4 

In respect of the dissociations PX5 PXg-f Xg, 
the stability decreases as the atomic weight in- 
creases. Thus PFg is formed with flame when 
PF3 and fluorine are mixed. It has been re- 
ported that the reaction 6PF3=3PF5-f ^P^ 
takes place in the silent electric discharge. 
PCI5 IS somewhat dissociated in the vapour 
state, even at the temperature of sublimation 
of the solid, 159°c. PBr^ is considerably dis- 
sociated into PBpg and bromine in solution at 
room temperature, and PI3 is unknown. The 
mixed trihalides add two halogen atoms under 
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the same range of conditions as the simple 
trihahdes. 

Hydrolysis by water is rapid with the tri- 
halides except PFj, which is comparatively 
slowly attacked; phosphorous acid and the 
hydrogen halide are formed. The pentahalides 
are vigorously hydrolysed by water, formmg 
first the oxyhalides, then phosphoric acid and 
the hydrogen halide. With PFg, di- and mono- 
fluophosphonc acids, HPO 2 F 2 and H 2 PO 3 F, 
are formed as intermediates in the further 
hydrolysis of phosphorus oxyfluoride. 

Phosphorus Tnfluoride, PFg. Prepara- 
tion . — ^Two reactions which are reported to give 
satisfactory results were developed by H. 
Moissan. ( 1 ) The reaction of arsenic tnfluoride 
with phosphorus trichloride (Corapt. rend. 1885, 
100 , 272) : 

AsFg-j" Pdg = AsCIg-f- PF 3 

The arsenic fluoride is allowed to drop into the 
phosphorus trichloride. The stream of PFg 
passes through a condenser at — 50°c , then 
through wash bottles containing successively 
water and sulphuric acid. The gas is then con- 
densed by liquid air and fractionated, (n) The 
reaction of lead fluoride with copper phosphide 
(Ann. Chim. Phys. 1885, [vi], 6 , 433) Equal 
weights of perfectly dry lead fluoride and 
powdered copper phosphide (25-30% P) are 
heated to redness in a brass or copper vessel 
The stream of PFg is purified as in ( 1 ). The 
dry gas can be stored over mercury in glass 
vessels. 

Phosphorus Pentafluoride, PFg. Prepara- 
tion — The simplest preparation utilises the 
reaction by which T. E. Thorpe discovered this 
compound (Annalen, 1876, 182 , 201) . 

dAsFa-fSPCIg-SAsCIg+aPFg. 

The gas is passed through a trap at — 60'’c., 
then liquefied and fractionated. Another pre- 
paration (H. Moissan, Compt. rend. 1884, 99, 
656) takes advantage of the spontaneous re- 
arrangement of halogen atoms mentioned above • 

SPFgBrg (liquid)=3PF5 (gas)+ 2 PBr 5 (solid). 

A slow stream of phosphorus trifiuonde is passed 
into bromine (previously dried by sulphuric 
acid) at — 16°c. until the colour of the bromine 
has been destroyed. The liquid is then allowed 
to warm to room temperature and PFg is 
evolved. Dry glass is not attacked, but the gas 
can be stored over mercury for a short time 
only. 

Phosphorus Trichloride, PCI3. Manu- 
facture . — The only process of any importance is 
direct union of the elements. It is usual to 
make first a “ crude ” phosphorus trichloride, 
which is either used directly as an intermediate 
for making the oxychlonde or purified for sale. 
The plant items used by different manufacturers 
vary in detail, but the mam features are common 
probably to all. To moderate the vigour of the 
reaction, chlorination is done in the presence of 
a “ pre-charge ’* of phosphorus trichloride, so 
that a substantial part of the reaction heat is 
removed by evaporation, with an appropriate 
proportion of reflux. Thus the reaction takes 


place at the b.p. (74®c ) of PCI3; the heat of 
formation is about ten times the latent heat of 
vaporisation. Additional coohng is provided 
by water outside the reaction vessel. In one 
form of plant molten white phosphorus and 
gaseous chlorine are simultaneously and con- 
tinuously introduced into the reaction vessel, 
and conditions are controlled so that the phos- 
phorus trichloride distilhng over carries a frac- 
tion of 1% of dissolved white phosphorus. The 
distillate is treated in a stirred vessel with ]ust 
sufficient chlorine to complete the chlorination. 
The yield of “ crude ” phosphorus trichloride is 
in practice about 97% with respect to both raw 
materials. Emal purification is by redistillation 
with fractionation to lomove traces of chlori- 
nated organic matter and a small percentage of 
phosphorus oxychloride. All parts of the plant 
in contact with the reactants or product are 
preferably constructed of lead, load- covered 
steel, bronze, or nickel. 

Phosphorus Pentachlonde, PCI 5 . Manu- 
facture — A white, free-flowing crystalline pro- 
duct can bo made by introducing chlorine into a 
vessel containing a mixture of phosphorus tri- 
chloride and carbon tetrachloride. The chlorine 
enters just above the lupiid level. The vessel is 
cooled by a water-jacket and is provided with a 
reflux condenser, and an cfiicient stirrer which 
sweeps through the whole volume occupied by 
the liquid. When chlorination is complete the 
suspension of crystals of phosphorus ponta- 
chlorido in carbon totrachloiido is run out 
through a valve at the bottom of the chlorina- 
tion vessel, into a closed water-jacketed receiver 
which has a perforated false bottom covered by 
filter-cloth. The filtered carbon tetrachloride 
is icturnod to the (‘liloiination vessel for the 
next cycle of operations, and the crystals are 
dried by circulating hot water through the 
jacket of the receiier The equipment is con- 
structed of lead-covered steel, with lead pipes 

A simpler type of plant, used up to 1945 by the 
I.G. Farbenindustne, is described in B 1.0 S 
Report No 562 (Item 22). Two or more thin 
streams of re-distillod phosphorus tricliloride are 
introduced through the cover of a tall and narrow 
reaction vessel, and simultaneously chlorine is 
introduced at the bottom No stirrer is used ; 
the phosphorus trichloride reacts as it falls 
through the atmosphere of chlorine. No special 
provision is made for coolmg. The output from 
a chlorination vessel 250 cm. in height and 
60 cm. m diameter is 3-4 kg. per hour. A 
receiver, 100 cm. in depth and of the same dia- 
meter as the chlonnation vessel, is bolted on 
underneath the latter. 

Phosphorus pentachloride is an effective re- 
agent for convertmg alcohols and organic acids 
mto the corresponding chlorides. The main 
uses are m dyestuff and other organic synthesis, 
and under special circumstances, as an intert 
mediate m the manufacture of phosphorus oxy- 
chloride. It can be packed in drums made from 
ordinary terne plate. 

Phosphorus Dichloride, (PCIg)^;* — ^A. Bes- 
son and L. Fournier (Compt. rend. 1910, 150 , 
102 ) submitted a mixture of PC 1 3 and hydrogen 
to the action of a silent electric discharge, and 
obtained a colourless oily fuming liquid and a 
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yellow solid. The liquid, after distillation under 
reduced pressure, had the composition PCIjj. 
It boils at 180®c. with decomposition. In air 
it is liable to mflame spontaneously. In water 
it hydrolyses to hydrochloric and phosphorous 
acids, with simultaneous formation of a coloured 
solid thought to be impure phosphorus. 

Phosphorus Tribromide, PBrg. Manu- 
facture , — The most convenient motlhod is by 
adding bromme slowly to a cooled solution of 
white phosphorus in phosphorus tribromide, 
which serves to moderate the vigour of the 
reaction. It is best to continue the addition of 
bromine until a little phosphorus pentabromide 
and free bromine are present. (In spite of the 
large excess of tribromide, the pentabromide is 
appreciably dissociated in the warm tribromide.) 
The tribromide is purified by repeated distilla- 
tion. For laboratory preparation of small 
quantities, dry red phosphorus can be sub- 
stituted for white phosphorus, and there is then 
no need to carry the addition of bromine so far. 
Phosphorus tribromide is a colourless liquid, 
2 883. It 13 manufactured on a very small 
scale, for use as a reagent in organic chemical 
work. 

Phosphorus Pentabromide, PBr^. Pre- 
paration — Bromine adds directly to phosphorus 
tiibromide in the cold, forming pale yellow 
crystals of the pentabromide It dissociates 
readily on warming, or in solution at room 
temperature. On the otlier hand, it is capable 
of taking iqj more bromine to form red crystals 
of the very unstable compound PBr^ 

Phosphorus Tri -iodide, PI 3. Preparation, 
— The best method of preparation is by direct 
union of either red or white phosphorus with 
iodine dissolved in caibon disulphide. The 
reaction is slow. Good crystals are obtained by 
cooling, which can bo entirely freed from solvent 
by evaporation It is essential to use carbon 
disulphide which does not contain free sulphur 
F. E. E. Germann and R. N, Traxler (J. Amer. 
Chem 80c. 1927, 49, 307) emphasise that carbon 
disulphide which has merely been redistilled is 
not free from sulphur, and they advise shaking 
it with mercury until it no longer tarnishes the 
metal, and then distillmg. Phosphorus tri- 
lodido forms dark red crystals, stable up to a 
temperature somewhat above the melting-pomt 
Water and moist air hydrolyse it to phosphorous 
acid and hydriodic acid, but other products are 
also formed. 

Phosphorus Tetraiodide, P 2 K* Prepara- 
tion , — The same procedure can be used as for 
the tri-iodide, only two atoms of lodme being 
taken for one of phosphorus. Carbon tetra- 
chloride can be substituted for carbon disul- 
phide as solvent. The substance is obtained as 
orange crystals. According to L. Troost (Compt, 
rend. 1882, 95, 293) the molten substance 
vaporises as P2l4» on the evidence of the vapour 
density at 265°c. On the other hand the tetra- 
iodide IS certainly less stable than the tri-iodide ; 
it appears that under some circumstances PI3 
subhmes from molten P2l4» leaving red phos- 
phorus, and the mterprotation of the vapour 
density is uncertain. Hydrolysis gives phos- 
phorous acid, hypophosphorous acid, and hydr- 
iodic acid {v also Hypophosphoric Acid, p, 5066), 


XI.— PHOSPHORUS OXYHALIDES 
AND THIOHALIDES. 

The followmg list contains those reported as 

definite : 



M p., “c 

Bp.'O 

Oxyhalides : 



P0F3 . . 

-39 4 

^ —39 

P0CI3 . . 

+ M5 

+ 107*4 

POer, . . 

+ 56 

+ 193 

POF2CI . 

-96 4 

+3-1 

POFaBr 

-84 8 

+30 5 

POFCL 

-80 1 

+52 9 

POFBr. 

-117 2 

+ 110 1 

POCUBr 

^ + 12 

+ 137 6 

POCIBrg 

^^ + 30 

'^ + 160 
(docomp ) 

Thiohalides : 



PSF3 . . 

-148 8 

-52 3 

PSCI3 . , . 

-36 2, -40*8 

+ 125 

PSBr3 . . 

+ 38 

+ 212 

PSF2CI . 

-155 2 

+6 3 

PSFCI- . . 

-96 0 

+ 64*7 

PSFgBr . . 

-136*9 

+ 35 5 

PSFBr^ 

-75 2 

+ 125 3 

PSCIgBr 

PSCIBr^ 

-30 

+ 80/60 mm 

-6 

+95/60 mm 


Molecular Structures. — Structures have 
been reported for several of the simpler oxy- and 
thio-halides of phosphorus having the general 
formula APX2V, where either or both of X 
and Y are F, Cl, or Br, and A is either O or S. 
Summanes of the numerical data are given by 
D. M. Yost and H. Russell (op. cit,y pp 23G-240). 
Additional data have been determined by J. H. 
Secrist and L 0 Brockway (J. Amer. Chem. 
Soc 1944, 66, 1941). The P-X and P-Y 
distances are almost the same as m the tn- 
hahdes (q,v,) and the P-O and P-S distances 
are approximately 1 56 and 1 90 A., respectively. 

Phosphorus Oxyfluoride (Phosphoryl 
Fluoride), POF3. Preparation. — Several 
methods have been described. A convenient 
reaction is that of H. Moissan (Bull Soc chim. 
1890, [m], 4, 260) in which phosphorus oxy- 
chloride IS dropped on to anhydrous zinc 
fluonde, maintained at 40-50°c. The stream of 
gas is passed through a trap at — 20®c. to con- 
dense out phosphorus oxychloride, and then 
through a tube filled with zinc fluoride to remove 
residual traces. Another preparation which 
would probably be more economical for larger 
scale production is that of T. E. Thorpe and 
F. J. Hambly (J.C S. 1889, 55, 759) ; a mixture 
of three parts of phosphorus pentoxide and two 
parts of cryohte is gently heated. This reaction 
of fluorides to give phosphorus oxyfluoride 
appears to be fairly general, notwithstanding a 
report by H. J. Lucas and F. J. Ewing (J. Amer. 
Chem. Soc. 1927, 49, 1270) that phosphorus 
pentafluoride, rather than the oxyfluoride, is 
formed by heating 5 mol. CaFg with 6 mol 
P2O5. Phosphorus oxyfluoride is a poisonous 
gas readily hydrolysed by water. In contact 
with heated glass it forms silicon totrafluoride, 
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Phosphorus Oxychloride (Phosphoryl | 
Chloride), PO Cl 3. -Several oxychlorides of I 
phosphorus have been described, but the only 
well investigated member of the group is POCI3. 
This IS commercially the most important of the 
compounds containing halogen and phosphorus 
The chief use is m the manufacture of alkyl and 
aryl phosphates, and as a reagent in the pro- 
duction of certain dyestuffs and drugs. 

Properties — Phosphorus oxychloride is a 
colourless, fuming liquid, 1*675, vapour 
pressure, logj^p (mm.) =7*734— 1,864/7^, where 
323 °<T°k <380°. Phosphorus oxychloride re- 
acts quickly, but not violently, with water, 
forming phosphoric and hydrochloric acids. It 
18 in general less rapidly reactive with hydroxylic 
substances than phosphorus trichloride, but 
more corrosive towards metals, and more un- 
pleasant to handle. The vapour affects the 
eyes, temporarily but painfully. 

Manufacture . — Processes have been sug- 
gested for converting phosphorus pentoxide to 
phosphoius oxychloride by heating it with a 
metallic chloride, e g., 

P40io+3NaCl=3NaP03-|- POCI3, 

and for converting phosphates to phosphorus 
oxychloride by the action of carbonyl chloride 
or carbon monoxide and chlorine : 

FeP04+3C0Cl2=P0Cl3+3C0a-hFeCl3, 

or by the action of carbon and chlorine : 

Ca3(P04)2+6C+6Cl2 

=2POCl3+3CaCl2+6CO. 

The reaction with ferric phosphate (at 300- 
500°c ) IS the basis of U.S P. 1462732, 1923 (to 
E. I. dll Pont de Nemours). An analogous 
process starting with tricalcium phosphate was 
described by J. Riban (Compt. rend. 1882, 95, 
1160), and variations of this have been patented. 
The process utilising carbon and chlorine was 
studied on a pilot-plant scale by F. K. McTag- 
gart (J Counc. Sci Ind. Res. Australia, 1945, 
18, 424). It does not appear, however, that 
any such process has been successfully used on a 
commercial scale. 

It IS probable that all processes now used for 
making phosphorus oxychloride start with ele- 
mental phosphorus, which as a first stage is 
( hlorinatod to phosphorus trichloride. The tri- 
chloride is then oxidised to the oxychloride, or 
further chlorinated to phosphorus pentachlonde 
and then hydrolysed to the oxychlonde by 
using the stoicheiometric quantity of water. 
The hydrolysis process is only economic when 
chlorine is \ery cheap, or where by-product 
hydrogen chloride has a value comparable with 
its equivalent of chlorine. Phosphorus tri- 
chloride can be oxidised directly by a variety of 
substances rich in oxygen. An early process, 
now discarded, utilised sodium chlorate. The 
vigour of the reaction was controlled by keeping 
a “ pre-charge ” of phosphorus oxychloride in 
the reaction vessel. 8odium chlorate is a useful 
reagent for removing the last traces of PC 1 3 
from POCI3 made by other methods. Direct 


oxidation of liquid phosphorus trichloride by 
gaseous oxygen is technically a satisfactory pro- 
cess; the yield approaches 100%, and the 
economics depend mainly upon the cost of 
oxygen in a sufficiently pure state. With 
modem methods of obtaining oxygen, this is 
probably as cheap as any other process provided 
that the scale of manufacture is large enough. 

The kinetics of the reaction : 

2PCI3 (Uquid)-f O2 (ga8)=2POCl3 (liquid) 

have not been reported. Complete absorption 
of pure oxygen takes place as the gas rises, in 
small bubbles, through a depth of 100 cm. of 
phosphorus trichloride. If the heat of reaction 
is removed by adequate coohng so that the 
temperature does not exceed about 60°o., the 
ability of the liquid to absorb the oxygen shows 
little or no falhng off until the proportion of 
POCI3 in the mixture of PCI3 and POCI3 
exceeds 95-97%. Almost certainly the oxida- 
tion proceeds by a chain mechanism. Small 
quantities of some impuiities greatly reduce the 
rate of reaction and may almost completely 
mhibit it. Examples of such impurities are iron 
and copper, derived from contact with these 
metals; phosphorus pcntachloride ; and im- 
purities derived from contact with vulcanised 
rubber. In the presence of these impurities the 
reaction rate (with gaseous oxygen bubbling 
into the liquid at a fixed rate) is no longer sub- 
stantially independent of the extent to which 
the reaction has proceeded. There is often a 
long induction period, after which the rate m- 
creases to a maximum and then falls steadily as 
the reaction continues. A small amount of dis- 
solved phosphorus m the phosphorus trichloride 
is not very objectionable , it appears to oxidise 
readily, and thereafter the main reaction occurs 
satisfactorily. 

This process, as operated up to 1945 by the 
I.G. Farbenindustrie, is described in B.I.O.S 
Report No. 562 (Item 22). Batches of “ crude ” 
phosphorus trichloride (v. Phosphorus Tri- 
chloride Manufacture, p. 5186) were oxidised 
m large load -lined steel vessels, 10 cu. m. in 
capacity, externally cooled by water. Oxygen 
at 2 atm. pressure was admitted at numerous 
points round the perimeter near to the bottom 
of the vessel, either through porous ceramic 
candles or through nozzles directly into the 
liquid ; with the latter arrangement the liquid 
has to be stirred. Approaching completion of 
the reaction is indicated by the temperature 
falhng below the 60-60°o. at which it is controlled 
during the 60-80 hours reaction time, and by 
vigorous escape of oxygen from the surface of 
the liquid. The reaction is judged to be com- 
plete when the liquid solidifies at 0 8-1 0°o. 
The product was used or sold without distillation 
or other purification. 

Phosphorus Oxybromlde (Phosphoryl 
Bromide), POBrg. Preparation . — Starting 
with phosphorus tribromide, the same reactions 
are applicable as with phosphorus oxychloride. 
Direct reaction with gaseous oxygen occurs at 
the boiling-point of the tribromide, but is not a 
I very satisfactory method. The best method is 
i that of E. Berger (Bull. Soc, chim. 1908, [iv], 3, 
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721), in which phosphorus pentabromide reacts 
with phosphorus pontoxide ; 

6 PBr 5 + P 40 io= 10 POBr 3 . 

The two solid substances are mixed and gently 
heated ; Ibss of bromine from the pentabromide 
is minimised by attaching a well- cooled reflux 
condenser, and by kecpmg the reactants as dry 
as possible (metaphosphorio acid reacts with 
phosphorus pentabromide, forming the oxy- 
bromide and hydrogen bromide, and evolution 
of the latter carries away bromine vapour). 
When the reaction, under gentle heatmg, appears 
to be complete, and the product is entirely liquid, 
the phosphorus oxybromide is distilled. The 
redistilled product sohdifies to colourless crystals 

Thiophosphoryl Fluoride (Phosphorus 
Sulphofluoride), PSF3. Preparation. — The 
most convenient method of preparing this sub- 
stance 18 by the reaction of phosphorus penta- 
sulphide with lead fluoride at 170-250°c. in the 
absence of oxygen and moisture (T. E. Thorpe 
and J. W. Rodger, J C.S. 1889, 55, 306). The 
gas IS collected over dry mercury in glass vessels. 
It IS spontaneously inflammable in air at room 
temperature. Hydrolysis with water or alkali 
yields di- and raono-fluotliiophosphoric acids, 
HPOSFg and HgPOgSF, thiophosphoric acid, 
H3PSO3, and orthophosphoric acid, or their 
salts. 

Thiophosphoryl Chloride (Phosphorus 
Sulphochloride), PSCI3. Manufacture . — ^Eor 
industrial purposes a very satisfactory process 
is the direct addition of sulphur to phosphorus 
trichloride, a process originally described by 
L Henry (Ber. 1869, 2, 638). It has been shown 
by W. H. Woodstock and H. Adler (J. Amer. 
Chem. Soc. 1932, 54, 464) that alkah and 
alkaline-earth sulphides effectively catalyse the 
combination, which takes place in a few hours 
at 160-160°c. The use of these sulphide catalysts 
can be avoided by working at a slightly higher 
temperature (160-180°c.) and usmg an excess 
of sulphur; caution is necessary, since the 
reaction is strongly exothermic, and the pressure 
rises abruptly when reaction sots in. Stainless 
steel is a suitable material for construction of the 
autoclave, although mild steel has been used 
successfully. The product can be distilled out 
of the autoclave, leaving a residue of sulphur 
which forms part of the following charge. The 
yield is practically quantitative. For small scale 
preparations, a reaction discovered by T. E. 
Thorpe (J.C.S. 1880, 87, 327) is convenient : 

P3S3+3PCl5 = 6 PSCl 3 , 

Thiophosphoryl chloride vapour is decom- 
posed on heatmg strongly. There are two forms 
of the sohd. It appears to be very insoluble in 
water, and is hydrolysed slowly to hydrochloric 
acid, phosphoric acid, hydrogen sulphide, and 
other products. 

Thiophosphoryl Bronnide (Phosphorus 
Sulphobronnide), PSBr 3 . Preparation. — The 
reaction of phosphorus pentabromide with phos- 
phorus pentasulphide (T. E. Thorpe, ibid. 1871, 
24, 1163) is the most convenient method ; work- 
ing details are given by H. S. Booth and 0. A. 
Seabright (^ee “ Inorgamc Syntheses,” Vol. II, 
McGraw-Hill Book Inc., 1946). Alterna- 


tively, the three elements involved may react 
in one step in carbon disulphide solution, with 
cooling (see A. Michaehs, Annalen, 1872, 164, 36). 

Thiophosphoryl bromide is more resistant to 
hydrolysis than thiophosphoryl chloride ; it can 
be washed with cold water with little loss. The 
products of hydrolysis by hot water include 
hydrogen sulphide, sulphur and phosphorous 
acid, as well as hydrogen bromide and phos- 
phoric acid. 

Phosphorus Mixed Oxyhalides (Phos- 
phoryl Mixed Halides). Preparation. — H. S. 
Booth and co-workers (J. Amer. Chem. Soc. 
1939, 61, 2937, 3120) prepared the oxyhalo- 
fluorides lusted on p 519. Phosphorus oxychloride 
(or oxybromide) was fluorinatod by antimony 
tnfluondo at 60-100°c. It was found necessary 
to add as catalyst a little antimony penta- 
chloride to the phosphorus oxychloride (or 
bromine to the oxybromide). Calcium fluoride 
can bo used (with less success) instead of anti- 
mony tnfluondo, but at the higher reaction 
temperatures (120~150°c.) required, more attack 
on glass vessels takes place. In either case the 
reaction produces a mixture of POF3, POFjCI, 
POFCI2 (or POF3, POF2Br, POFBrg) with 
some S1F4, and the individuals are separated by 
fractionation 

The compounds POCIgBr and POCIBPg 
were prepared by A. Besson (Compt. rend. 1896, 
122, 814) by heating a mixture of POCI 3 vapour 
with hydrogen bromide in contact with pumice 
at 400-500°c. and fractionating the products 
under reduced pressure. POCIgBr was pre- 
pared by N Menschutkm (Annalen, 1866, 139, 
345; Bull. Soc. chim. 1866, [11], 6, 481) by 
brommating alkyl dichlorophosphonates : 

R(PO)Cl2f BPa^POCIgBr+RBr. 

Properties. — The oxyhalofluorides are much 
less liable to disproportionation than the mixed 
trihahdes. On the other hand, the oxybromo- 
chlondes do tend to rearrange to POBr3 and 
POCI3. Hydrolysis by water occurs readily in 
all cases Copper, mercury, and nichromo are 
only very slightly attacked. 

Phosphorus Mixed Thiohalides (Thio- 
phosphoryl Mixed Halides). Preparation . — 
H. S Booth and co-workers (J. Amer. Chem. 
Soc. 1940, 62, 2369 ; 1943, 65, 1834) prepared the 
thiohalofluorides listed on p 519. Phosphorus 
thiochlorido (or thiobromido) was fluormated by 
antimony trifluondo For the chlorofluorides, 
antimony pentachloride was used as a catalyst, 
at 75-80°c. ; for the bromofluorides no catalyst 
was needed. The reaction products consisted of 
a mixture of PSFg, PSFgCI, PSFCIg (or 
PSF3, PSFgBr, PSFBPa), and the relative 
proportions could be controlled within limits by 
regulating the pressure and hence the tempera- 
ture of reflux in the generating apparatus. 

The compounds PSCl2Br and PSCIBP2 
were prepared by A. Besson (Compt. rend. 1896, 
122, 1057) by the same reaction as with the 
corresponding mixed oxyhahdes (q»v.). PSCI2BP 
was prepared by A. Michaelis (Ber. 1872, 5, 6) 
by a reaction analogous to N. Menschutkin’s 
preparation of POCI^Br (q»v.). 

Properties. — The thiochlorofluoiides are stable 
substances in the absence of air or moisture. 
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They are prone to spontaneous ignition in air, 
and hydrolysis occurs slowly with water, more 
rapidly, however, than m the case of PS Cl 3. 
Mercury and nichrome are not affected in the 
cold; copper is slowly attacked. The thio- 
bromofluorides are similarly thermally stable, 
and it 18 not recorded that they are liable to 
spontaneous ignition in air. Hydrolysis m the 
cold IS very slow, especially with PSFBPg, 
which showed no sign of hydrolysis by potassium 
hydroxide solution in 24 hours at room tempera- 
ture ; it 18 completely hydrolysed in a few hours 
at the boihng-pomt. Mercury is attacked above 
70°c. , copper is seriously attacked at room 
temperature, nichrome is not. PSFgBr is 
somewhat more reactive; mercury is attacked 
above 35°c. The two thiobromochlorides are 
subject to disproportionation on heating, al- 
though loss readily than most of the mixed 
phosphorus tri- and penta-halides. 

XII PHOSPHORUS AND PHOSPHORYL 
CYANIDES, CYANATES, AND RE- 
1.ATED COMPOUNDS. 

Mention may be made of a little-investigated 
senes of “ pseudo-halogen ” compounds of 
pliosphonis The following have been prepared : 



M p , »C 

13 p , °C 

P{CN )3 . . 

— 

+ 130 
(sublimes) 

P(CN) 5 . . . 

P(NC0)3 . 

-2 

+ 169 

PCI(NCO)o 

— 

/^ + 136 

PCIj(NCO) 

~99 2 

+ 104 

P(SCN), . . 

-4 

^ + 265 

PCIj(SCN) . 



+ 148 

P0{0CN)3 

— 

— 

P0(NC0)3 . 

+ 5 

+ 193 

PO(SCN), . 

f 14 

+ 300 

POCI,(SCN) . 

-55 

+ 173 

PS(NCO), . 

+ 9 

+ 215 


Preparation. — The reaction of PCIg with 
silver cyanide at I 00 °c. yields P(CN) 3 , which is 
converted into P(CN )5 by treatment with di- 
cyanogen under pressure (H. Gall and J. 
Schuppen, Bor. 1930, 63 [B], 482) The 
analogous reaction of PC 1 3 with silver thio- 
cyanate can be carried out in benzene or ether 
solution (P. Miquel, Ann Chim. Phys. 1877, [v], 
11 , 341; A. E. Dixon, JCS 1901, 79 , 541, 
H. Gall and J. Schuppen, lx ). The remaining 
compounds listed above were prepared by the 
action of PCIg, POCI 3 , or PSCI 3 on silver iso- 
cyanate or silver thiocyanate (H. H. Anderson 
and co-workers, J. Amer. Chem. Soc. 1940, 62 , 
761 , 1942, 64 , 1757 , 1943, 66 , 2271 ; 1945, 67 , 
223) 

Properties. — ^Most of these compounds have 
been found to polymerise to solids more or less 
easily, probably according to the adventitious 
presence of catalysts. The mixed compounds dis- 
proportionate more or less readily ; PC I ( N C 0)2 
rapidly changes to P(NCO)3 and PCIg (N CO), 
but the last named is comparatively stable. 
The phosphoryl and thiophosphoryl compounds 


are on the whole more stable than the corre- 
sponding tervalent phosphorus compounds. 

XIII. PHOSPHORUS SULPHIDES. 

The literature dealing with these compounds 
IS very contradictory, probably the best work 
having been done by A. Stock and co-workers 
The fusion curve obtained by H. Giran (Compt. 
rend. 1906, 142 , 398) shows maxima at 167®, 
296°, 272®, and 314°, the correspondmg com- 
positions being expressed by the formula} 
P4S3, P2S3, PgSg, and PS3. Of these P2S3 
and PS3 are unknown as definite compounds, 
the known sulphides being P4S3, P4S5, P4S7, 
P 4 Si(j, and possibly P^Sq. Data for some of 
those compounds are given below; sources in- 
clude A. Stock and B. Herscovici (Ber. 1910, 48 , 
415 and 1223) and W. D. Treadwell and Ch. 
Beeh (Helv. Chim. Acta, 1935, 18 , 1161) 



P4S3 

P4S5 

P4S7 

P4S10 

Colour of solid 

Yellow 

Siilphiir- 

yollow 

Nearly 

ANhite 

Yellow 

Density of solid 

2 03(17") 

2 17(25") 

2-10(17") 

2 00(17°) 

M p , °c 

171- 
172 fy 

107 

305-310 

280-290 

13p,°c 

Soliildlity (g 
per 100 g sol- 
vent) 

407-408 


523 

513-5f5 
(190 at 

0 1 mrii. 

Hg) 

CS2 0® 

27 0 


0 005 

0 182 

170 

CgHg 17" 
80" 

100 0 

2 5 

11 1 

^10 

0 020 

0 222 

Action of cold 
water 

None 

Decomp 

Dceomp 

Slow 

dceomp. 


Phosphorus Sesquisulphide (Tetraphos- 
phorus Tnsulphide), P4S3. — The validity of 
the formula has been confirmed by ebullioscopic 
measurements in benzene (A. Stock and H. von 
Bezold, Ber. 1908, 41 , 657) and by vapour- 
density measurements at 700®c. Decomposition 
occurs at higher temperatures, as appears from 
similar determmations m the range 700-1, 000°c. 
Electron diffraction data by 0. Hassel and A. 
Pettorson (Tids. Kjemi, 1941, 1 , 57) indicate 
that the structure of P4S3 m the vapour state 
consists of phosphorus atoms arranged at the 
corners of a tetrahedron, with sulphur atoms 
between one of these phosphorus atoms and each 
of the romainmg throe 

P4S3 IS the most stable sulphide, cold water 
and cold hydrochloric and sulphuric acids having 
little action It is slowly broken down by boilmg 
water to give hydrogen sulphide, phosphorus 
oxy-acids, and phosphine. Nitric acid and aqua 
regia dissolve it, giving phosphoric acid and sul- 
phuric acid, and some sulphur. Cold aqueous 
caustic potash causes evolution of phosphine 
and hydrogen, leaving sulphide, hypophosphite, 
and phosphite 10 ns m solution. 

Manufacture , — It is manufactured by direct 
union of the elements. Molten white phos- 
phorus 18 run into molten sulphur contained in a 
stirred cast-iron vessel, the rate of addition 
being controlled to maintain the reaction tem- 
perature at 320-380®o. When addition is com- 
plete the temperature is maintained in this 
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range by external heating for a further period, compounds are produced by reaction of p 4 Sio 
The product can now be purified by vacuum with alcohols, olefins, turpentine, etc. A further 
distiUation or by washing, using either water or application is in the preparation of organic thio- 
dilute bicarbonate solution. Vacuum drying phosphates used for ore flotation, 
at 40~50°c. follows any washing process. A B. R. and B. T. 

description of this manufacture, as done by the PHOSPHORUS, ORGANIC DERIVA- 
I.G. Farbonindustrie up to 1945, is given in TIVES OF. In this article, only those com- 
B.1 0 S. Report No. 562 (Item 22). The pounds in which the phosphorus is directly 
principle use of P 4 S 3 is in the match- makmg linked to carbon are considered , esters of phos- 
mdustry (v. Vol. VII, 5286). phorous and phosphoric acid, etc., will be found 

Tetraphosphorus Pentasulphide, P4S5. — elsewhere. The symbol R is used throughout 
W. D. Treadwell and Ch. Beeli {lx.) confirmed to denote an alkyl or aryl group. 

R. Boulouch’s preparation of P 4 S 5 (Compt. Phosphines. — Our knowledge of the primary 

rend. 1904, 138, 363) by exposing a carbon di- and secondary phosphines, RPHg and RgPH, 
sulphide solution of P 4 S 3 , sulphur, and a trace is based largely on the early work of Hofmann 
of iodine to the action of light. They also carried out mainly in the years 1870-75 * and, in 
formed the compound by slow coolmg of a melt the absence of modem investigations, is incom- 
of red phosphorus and sulphur in the proportions plete and possibly inaccurate. The alkylphos- 
2 P+3S, followed by recry stallisation from boil- phines are prepared by heating a mixture of 
mg carbon disulphide. The study of a P 4 S 5 phosphomum iodide, PH 4 1 , with zinc oxide and 
melt led to the conclusion that under cortam the appropriate alkyl iodide ; a mixture of the 
conditions an equilibrium exists between it and primary and secondary phosphines results, from 
P 4 S 34 -P 4 S 7 . Ebullioscopic measurements in which the secondary can be isolated as an 
carbon disulphide show the compound to have addition product with hydrogen iodide and zinc 
the formula given. iodide. The lower primary alkylphosphines are 

Phosphorus Heptasulphide (Tetraphos- gases, and the higher members liquid; they 
phorus Heptasulphide)| P 4 S 7 . — A. Stock and possess vile odours, and are basic, forming salts 
B Herscovici (Ber 1910, 43, 415) made P 4 S 7 oftypeRPH 3 l. Little is known of the secondary 
by heating an intimate mixture of rod phos- alkylphosphines. Primary arylphosphmes can 
phorus and sulphur in the theoretical proper- be prepared by the reduction of the dichloro- 
tions with 5% of P 4 S 3 . The product was purified phosphine, RPC 1 3 , or the phosphonic acid, 
by recrystalhsation from carbon disulphide. RPO(OH) 2 , or sometimes by the thermal de- 
Vapour-density moasuroWnts at 700° indicate composition of the latter. Secondary arylphos- 
that the vapour consists of P 4 S 7 molecules, phmes are prepared by the reduction of the 
some decomposition occurs at higher tempera- monochlorophosphine, RgPCI, m the presence 
tures. of aqueous sodium carbonate, in effect, the 

Phosphorus Pentasulphide (Tetraphos- reduction of the phosphmous acid, R^POH. 
phorus Decasulphide), p 4 Sio. — The formula Chlorophosphmes. — The alkyl mono- and 

P 4 S 10 IS based upon ebullioscopic measurements and di-chlorophosphines, RPCIg and RgPCI, 
in carbon disulphide. Vapour-density measure- can be prepared by heating phosphorus tn- 
ments at temperatures from 600-1 ,000°o. (A. chloride with the appropriate amount of lead 
Stock and H von Bezold, I c ) prove that the tetra-alkyl or mercuiy di-alkyl. The aryl- 
vapour 18 largely decomposed. It appears that monochlorophosphmes are best prepared by 
phosphorus pentasulphide is not entirely stable heatmg a mixture of phosphorus trichlonde, the 
ov en at room temperature in a sealed tube, and appropriate hydrocarbon and aluminium chlo- 
tho behaviour on molting shows that decom- ride, followed by fractional distillation (Michaelis, 
liosition takes place when heated. The paper Annalen, 1896, 293, 237 ; Jackson, Davies, and 
of A. Stock and B. Herscovici {lx,) should be Jones, J.C.S. 1930, 229). The diarylmono- 
consulted. With water it reacts slowly in the chlorophosphmes, RgPCl, are most readily pre- 
cold, but rapidly on heating, giving mainly pared by heating the dichlorophosphine with 
hydrogen sulphide and orthophosphoric acid, mercury di-aryl; this method is paiticularly 
Alkaline solutions react with phosphorus penta- valuable when the presence of two different aryl 
sulphide forming a mixture of products con- groups is required (Davies and Mann, J.C.S. 
taming thiophosphates and sulphides; the 1944, 276). 

former are further hydrolysed to sulphides and The mono- and di -chlorophosphmes are liquids 
phosphate on boiling. , which distil without decomposition, but fume 

Manvfacture. — It is manufactured in a similar on exposure to air ; they combine with chlorine 
manner to P4S3, ^.e., by direct union of the to form the loss stable tetra- and tri-cliloro- 
elements m stirred cast-iron vessels. Water phosphines, RPCI4 and RgPCIg, respectively, 
washing cannot bo used for purification in this The dichlorophosphmes and monochlorophos- 
caso and the commercial material usually con- phines on hydrolysis give the con’esponding 
tains small percentages of P4S3 and free sulphur, phosphonous acids, R P (O H)2 and phosphmous 
which can be removed by carbon-disulphide ox- acids, R 2 P(OH), which have been little investi- 
traction if purification is necessary. gated. If, however, the hydrolysis is conducted 

In recent years P 4 S 1 Q has found substantial m the presence of an oxidising agent, the more 
use m the manufacture of organic phosphorus- 

sulphur compounds, which^are used as additives ♦ The Organic Chemistry Department of the Im- 
to lubricating oil to impart such properties as perial College of Science and Technology possesses the 
ox.dat.on r.s.^0 detergency, and the aMity 

to withstand high bearing-pressures. These ifofmann at the Iloyal College of Chemistry.— EDITOR. 
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stable phosphonic acids, RPO(OH )2 and phos- 
phinic acids, R 2 pO(OH), are obtained; these 
can also be prepared by the simple hydrolysis of 
the above tetra- and tri-chlorophosphines, 
RPCI4 and R2PCI3, or the chloro-bromo- 
denvatives, RPCl 2 Br 2 and RgPCIBrg. 

The aryl di- and mono-chlorophosphines, be- 
cause of their readier accessibihty, have been 
more fully investigated than the alkyl analogues. 
Phenyldichlorophosphine, PhPCIg, reacts with 
phenylphosphine, PhPHg, to give phospheno- 
benzene, PhP:PPh, and with phenylarsme, 
PhAsHg, to give phospho - arsenobenzene, 
Ph P: AsPh ; the latter, however, in hot benzene 
solution readily dismutates to phosphenobenzene 
and arsenobenzene. 

Tertiary Phosphines, RgP. — ^These com- 
pounds, both alkyl and aryl, are best prepared 
by the action of the appropriate Grignard re- 
agent on phosphorus trichloride or the di- or 
mono-chlorophosphmes. The action of the 
reagent R'MgBr on RPC 1 2 or RgPCI is par- 
ticularly valuable when mixed tertiary phos- 
phines, RRg'P and RgR'P, are required. The 
compounds MegP and EtgP are so readily 
oxidised, however, that normal methods of 
isolation fail. It is best, therefore, to subject the 
crude reaction product (without hydrolysis) to 
destructive distillation m an inert atmosphere, 
and then to collect the phosphine directly in a 
solution of silver iodide in aqueous potassium 
iodide ; the stable complex, [R 3 P,Agl] 4 , can be 
collected, dried, and stored, and when subse- 
quently heated, also 111 an inert atmosphere, 
yields the pure tertiary phosphine (Mann and 
Wells, xhid, 1938, 708). The higher tnalkyl- 
phosphines and the (crystalline) tnarylphos- 
phines are much less susceptible to atmospheric 
oxidation. 

The triarylphosphines can also bo prepared by 
the Michaelis reaction, e ^., by heatmg phos- 
phorus trichloride (or phenyldichlorophosphme) 
with bromobenzene and sodium in ether 
(Michaelis et al„ Ber. 1882, 15, 801, 1610; 1884, 
17, 921 ; Annalen, 1885, 229, 295) ; the product 
usually requires more extensive purification than 
that obtained by the Grignard reaction. 

Very few heterocyclic compounds, with the 
phosphorus atom as a member of the nng, have 
been prepared. When, however, phenyldi- 
chlorophosphine is treated with the di-Grignard 
reagent obtained from pentamethylene di- 
bromide, phenyl - 1 S-pentamethylenephosphine 
(I) is obtained , the tetramethylene compound 
is similarly prepared (Gruttner and Wiemik, 
Ber. 1916, 48, 1473 ; Gruttner and Krause, ibid. 


PhP CH- 

\ / 

CHjCHj 
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1916, 49, 437). The only other heterocyclic 
type of unambiguous structure is represented 
by the tetrahydBOisophosphinolinium salts (v. 
infra). 

AMition Products of the Tertiary Phosphines . — 
Tertiary phosphines very readily combine with 


many reagents; thus they unite with oxygen, 
sulphur, and selenium to give phosphine oxides, 
R3PO, sulphides, R3PS, and selenides, RgPSe, 
respectively, which are usually highly crystalline 
compounds, particularly in the triaryl series. 
They also combine with chlorine and bromine 
to form R 3 PCI 2 and R 3 PBr 2 ; combination 
with iodine is less ready. These halogen deriva- 
tives on hydrolysis may give the dihydroxide, 
R 3 P( 0 H) 2 , or the sesqui- compound, 

R3P(0H)0(0H)PR3, 

or may form the oxide, R3PO, dependent upon 
the relative stability imposed by the nature of 
the groups R. After the publication of N. V. 
Sidgwick’s “ Electronic Theory of Valency ” 
(Oxford, 1929), the above oxides, sulphides, and 
selenides were generally accepted as denvatives 
of 4- covalent phosphorus, of structure R 3 P O, 
R 3 P S, R 3 P “> Se. More recent evidence 
from bond lengths (PhiUips, Hunter, and 
Sutton, J C.S. 1945, 38) indicates that these 
compounds may, however, be denvatives of 6 - 
covalent phosphorus, e.g., R 3 p= 0 , or possibly 
resonance hyorids between the two forms. 
Until further evidence is available, their struc- 
ture must remain sub judice. For the probable 
structure of the tertiary phosphine dihalidcs 
and dihydroxides and of the intermediate 
hydroxy-halides, see Mann, “ Some Aspects of 
the Organic Chemistry of Phosphorus and 
Arsenic ” (J.C.S. 1945, 66 ). 

The bonding structure of many other addition 
products remains similarly uncertam. The 
deep-red crystalline addition products,’ R 3 PC Sg, 
which many tertiary phosphines give with 
carbon disulphide, have been formulated as 
(Ha) by Hantzsch and Hibbert (Ber. 1907, 40, 
1508) and as (116) by Davies (J.C.S. 1935, 1786). 

c=s ^ s 

R 3 P R 3 P— c 

\s 

Ila. 116. 


The phosphine-imines and -azines which 
Staudmger and Meyer (Helv. Chim. Acta, 1919, 
2 , 612) obtained by the action of, e.g., tnphenyl- 
phopphine on phenylazide and diphenyldiazo- 
methane respectively, were formulated by these 
authors as Ph 3 P:NPh and PhgPiN-NiCPhg, 
but their structure may be PhgP-^NPh and 
PhjP -> N-NiCPhg. The azines on heatmg 
lost nitrogen, and Staudinger and Meyer formu- 
lated the product as Ph 3 P= 5 CPh 2 , but again 
their structure may boPh 3 P->CPh 2 * Similarly 
the phosphinimmes which Mann and Chaphn 
(J.C.S. 1937, 627) prepared by the action of 
tertiary phosphines on Chloramme-T 

(pCHa-CeH^-SOaNNaC^SHgO) 

may have the structure RjP-N'SOaCgH-'CHg 
or R 3 P N SO 2 C 6 H 4 CH 0 . 

Phosphonium Salts. — ^Triaflcyl- and triaryl- 
phosphines readily combine with alkyl iodides 
to form the corresponding phosphonium salts, 
R4PI. These are usually crystalline, stable, 
water - soluble compounds. Tetra - aryl phos- 
phonium salts cannot be prepared in this way ; 
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they are obtained (i) by the action of, 
phenylmagnesium bromide on triphenylphos- 
phme, foUowed by treatment with oxygen 
(Dodonov and Medox, Ber. 1928, 61 [B], 907) ; 
(ii) by the action of bromobenzene on triphenyl- 
phosphine in the presence of alummmm chloride 
(Chatt and Mann, J.C.S. 1940, 1192). 

The phosphonium halides, when treated in 
aqueous solution with silver oxide, give the 
corresponding hydroxides, R^POH, which are 
strongly basic sohds, readily absorbing water 
and carbon dioxide from the air. Their mode 
of thermal decomposition differs fundamentally 
from that of the correspondmg ammonium 
hydroxides; c.gr., tetra-ethylammonium hydr- 
oxide gives triethylamine, ethylene, and water, 
whereas the phosphonium analogue gives tn- 
ethylphosphme oxide and ethane. (For a dis- 
cussion of the probable mechanism, see Ingold, 
Chem. Soc. Annual Rep. 1930, 27, 143.) 

Metallic Derivatives. — The tertiary phos- 
phines combine with many metallic salts, par- 
ticularly with the halides of the heavier metals. 
The products are of various types : 

(i) The tnalkylphosphines combine with 
aurous hahdes, giving compounds of typo 
AuCI, some of which have great 
stability and can be distilled unchanged ; when 
treated with halogens they form the corro- 
spondmg auric compounds, R3P AUCI3, 
R3P -> AuCIBr^, etc. In both types of com- 
pound the 4- covalent phosphorus atom is tetra- 
hedral , the 2-covalent aurous atom has a linear, 
and the 4-covalent auric atom a planar, con- 
figuration (Mann, Purdio, and Wells, J C.S. 
1937, 1828 ; Mann and Purdie, ihid. 1940, 1235 , 
Perutz and Weisz, ibid. 1946, 438). 

(11) The tnalkylphosphines combme with 
platmous chloride to form two isomeric deriva- 
tives, {R3P),PtCI,. which undoubtedly have 
the CIS- and ^m/w-planar configuration. Pal- 
ladous chloride gives only one such derivative, 
(R3P)2PdCl2, which probably has the more 
stable frari5- configuration ; certain of these 
palladous derivatives are also so stable that 
they can be distilled unchanged. These platinum 
and palladium compounds add on a further 
molecule of halogen to form less stable deriva- 
tives, e.g.f (RoP)2PdCl4, in which the metal 
has undoubtedly the octahedral configuration. 

The planar (R3P)2pdCl2 will unite with a 
second molecule of palladous chloride to give a 
planar bridged dipalladium derivative of struc- 
ture (III) (Mann et al, ibid. 1936, 873 ; 1938, 
702 j 1949, 2086 ; 1939, 1622). Cadmium and 
mercury bromides and iodides also give additive 



C|/ ^PRj 

III. 

compounds of typo (R,P)3CdBr3 and 
(R3P)2Hgl,. in which, however, the metallic 
atom has now the tetrahedral configuration. 
Both the cadmium and the mercury compounds 
also unite with one and even two further mole- 
cules of the metaUic hahde to form bridged 
compounds of type (III) ; these compounds. 


unlike the palladium analogues, are clearly non- 
planar, as each constituent metallic atom has 
the tetrahedral configuration (Mann et al., ibid. 
1940, 1209, 1230). 

(iii) Tnalkylphosphines also unite readily 
with cuprous and argentous iodides to give com- 
pounds [R3 P,CuI ]4 and [R3P,Agl]4. The 
structure of these compounds, which contain 
tetrahedral 4-covalent phosphorus, cuprous and 
silver atoms, and 3-covalent iodine atoms, has 
been elucidated by JT-ray analysis (Mann, 
Purdie, and Wells, ibid. 1936, 1503; 1937, 

1828) ; for diagram of structure, see Co-ordina- 
tion Compounds, Vol. Ill, 331. 


Stereochemistry. 

The structure of certain of the above metallic 
compounds shows that the 4-covalent phos- 
phorus atom has a tetrahedral disposition. 
Suitable non-metallic derivatives of 4-covalent 
phosphorus should therefore be susceptible to 
optical resolution. This has been realised 
experimentally for three classes of compounds : 

(i) Phosphine Oxides. — ^Meisenheimer et al. 
(Ber. 1911, 44, 356; Annalen, 1926, 449, 224) 
have resolved phenylmethylethylphosphme 
oxide, PhMeEtPO, [-IIJd -f38° m aqueous solu- 
tion, and phenylbenzylmethylphosphine oxide, 
Ph(PhCH2)MePO, [J/]d +162° in aqueous 
solution. 

(li) Phosphine Sulphides. — Davies and Mann 
(J.C.S. 1044, 276) resolved phenyl-jp-(carboxy- 
mothoxy)phenyl - n - butylphosphine sulphide, 
Ph(CeH40CH2C02H)BuPS, +9 6°, 

— 9*7° m benzene solution. 

(m) Phosphonium Salts. — Holliman and Mann 
(ibid. 1947, 1634) resolved 2-phenyl-2-p-hy droxy- 
phenyl • 1:2:3:4 - tetrahydro - ^sophosphinolmium 
bromide (IV), [if]j)+32 9° in alcoholic solution, 
which possesses great chemical stability, to 



Ph3C P O P CPha 

>^\ 

O OEt O OEt 
V. 


which its optical stabihty is considered to bo due. 
Fruitless attempts by earlier workers to resolve 
phosphonium salts were performed with com- 
pounds havmg at least one alkyl group joined to 
the phosphorus atom ; a ** dissociation-equih- 
brium,” of the type R4PBr ^ RgP+RBr, 
could thus occur in solution and would cause 
very rapid racemisation. Finally, Hatt (ibid. 
1933, 776) separated ethyl tnphenylmethyl- 
pyrophosphonate (V).into two forms, m.p. 222- 
223° and 228-231°, one of which must be the 
racemic and the other the meso-iotm. Both 
forms on hydrolysis gave the same acid, which 
owmg to resonance could not exist in two such 
forms. 
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It should be added that the above resolutions 
confirm but do not prove the tetrahedral dis- 
position of the 4- covalent phosphorus atom. 

F. G. M. 

PHOTOCHEMISTRY. This subject com- 
prises the study of the chemical effects produced 
by electromagnetic radiation (visible and ultra- 
violet light and the near infra-red) of wave- 
lengths within the range 10,000 to 1,000 a. 

Units and the Quantum Theory. — 
According to the electromagnetic theory, light 
may be regarded as composed of waves, cha- 
racterised by their wave-length or by their 
frequency. Monochromatic light is light of one 
wave-length, or, more accurately, confined to a 
narrow range of wave-lengths. The frequency v 
of a hght wave is the number of oscillations per 
second, and its units are sec.*”^. Alternatively 
the frequency can be expressed as the wave- 
number, oj, or the number of waves per centi- 
metre. We then have the relation 6j= v/c cm.“i 
where c is the velocity of hght=2-99780x 10^® 
cm. per sec. tn vacuo. The wave-length A m 
cm. IS the reciprocal of the wave-number. It 
is usually expressed m Angstrom units, A., of 
magnitude 10“® cm., and sometimes in milli- 
microns, m/ix., which are 10*"^ cm. or 10 a. The 
velocity of light m material media is less than 
that 171 vacuo and varies with the frequency, 
being equal to c divided by the refractive index 
of the substance. The wave-number and wave- 
length of light actually traversing a material are 
therefore dependent on the refractive indices, 
but in recording data on light absorption and 
photochemistry these quantities are always 
leferrod to light moving in vacuo. 

When light is emitted or absorbed by matter 
its behaviour is expressed by quantum theory. 
Atoms or molecules give out or take up light 
only in energy steps called quanta , the magni- 
tude of a quantum bemg proportional to the 
frequency by the relation ; Energy of quantum 
(ergs)=liv whore h is called Planck’s constant 
and has the approximate value of 6'62xl0“2^ 
erg-sec. By measurmg, therefore, the energy 


per second conveyed by a beam of nearly mono- 
chromatic light which IS absorbed by some 
matenal we can estimate the number of quanta 
per second, and since each absorbmg molecule 
takes up one quantum this is equal to the 
number of molecules “ physically activated ” 
per second. An intense light beam of the 
dimensions used in a laboratory photochemical 
experiment may have about 10^® quanta per 
second, and this may be absorbed by about 
10^^ molecules. Since the “ life ” of an “ acti- 
vated ” molecule is a very small fraction of a 
second we see that at any instant the concentra- 
tion of “ activated ” molecules is exceedingly 
small, and also that about 10® seconds, or 30 
hours, are required to allow every molecule to 
absorb a quantum under the conditions given 
above, which represent an average of what is 
encountered m practice. 

Chemists usually prefer to work in units of 
gram-molecules, or moles, instead of single 
molecules. 1 gram-molocule=6 02x 10^® mole- 
cules, ~N, A gram-molecular quantum, or N 
single quanta, sometimes called an emstein, 
represents the quantity of radiant energy neces- 
sary to endow one molecule of matter with one 
quantum per molecule. It may be expressed in 
ergs, though more usually as kilogram-calorics, 
and its magnitude is given by the equation : 
286,000/(wavo-length in a.)— kilogram-calories. 

Physicists often use another energy unit called 
the electron-volt, which equals the energy an 
electron obtains when accelerated through a 
potential difference of one volt. By the 
relations E—hv=hclX=hco)—eV where E= 
energy, electronic charge, and F= potential 
difference m volts, we can denve six equivalent 
ways of expressmg energy absorbed by a mole- 
cule from radiation, all of which are in use in 
photochemical theory. These are as kilogram- 
calories per gram-molecule, ergs per molecule, 
frequency, wave-length, wave-number, and 
electron-volts. The correspondmg magnitudes 
of these quantities for different radiations are 
shown by Table I. 


Table I. 


\Va\c-lengtli, A 

Wave- 

number, 

cm 

Frequency, 

sec 

Kg. -cal, 
per 
g -mol 

Ergs per 
molecule 

Electron- 

volts 

10,000 

(near infra-red) 

10,000 

3xl0i‘ 

28-6 

1 98x10-“ 

1-234 

7,000 

* (deep red) 

14,286 

4 29x IQi* 

40-7 

2 82x10-“ 

1-76 

6,800 

(yellow) 

17,240 

6 17xl0»* 

49 4 

3 42x 10-“ 

2 13 

6,200 

(green) 

19,230 

6 77xl0»« 

66 I 

3 8 xl0-“ 

2-37 

4,600 

(blue) 

21,740 

6-62x101* 

62-3 

4-3 X 10-“ 

2 68 

4,000 

(violet limit of visible spectrum) 

25,000 

7-5 xlOi* 

71*6 

4-96X 10-“ 

3-09 

3,000 

(near ultra-violet) 

33,333 

10i» 

96 3 

6-6 xl0-“ 

4-11 

2,000 

(ultra-violet) 

60,000 

1-6 x 101* 

1430 

9-9 xl0-“ 

6-17 

1,000 

(far ultra-violet) 

100,000 

3 Xl0i» 

286-0 

19-8 xl0-“ 

12-34 






It may be noted from this Table that the 
kilogram-calories received per gram-molecule 
from radiation between 10,000 and 1,000 A. 
vanes from 28*6 to 286. These magnitudes are 
comparable with, or greater than, chemical heats 
of formation ; e gr., the heat of formation of 
hydrogen chloride from molecular hydrogen and 
chlorine is 22 kg.-cal., and from the elements 
in the atomic form, 100 kg.-cal. The long-wave 
limit of photochemical activity is set by the fact 
that quanta of infra-red radiation are small and 
unequal to the bringmg about of chemical change. 
The absorption of infra-red also affects molecules 
in a different way from the shorter wave-lengths 
of Table I. Through the action of infra-red 
radiation molecules are caused to vibrate and 
rotate, while the absorption of quanta of visible 
or ultra-violet light usually alters the chemical 
linking of molecules by energising the electrons 
associated with the links. At wave-lengths 
shorter than 1,000 A., in the X-ray region, radia- 
tion affects electrons Ijdng deeper down in the 
atoms composing the molecule, and so does not 
directly disturb the outer “ valency ” electrons. 
Chemical changes caused by these rays are of a 
secondary origm and are not usually included 
in the subject of photochemistry. Those con- 
siderations defining the range of Table I are 
reinforced by practical limitations. For wave- 
lengths shorter than 1,000 a. no materials are 
transparent enough for the construction of 
apparatus, and even up to 1900 a. atmospheric 
oxygon acts as an absorber, preventing the radia- 
tion passing from light source to the photo- 
chemical cell. 

Light Sources. — The choice of light source 
for photochemical purposes depends on the 
wave-length region desired, the photosensitivity 
of the reaction, and whether the experiments 
are to be merely qualitative or accurately quanti- 
tative. The features of cortam light sources are 
given below. 

The sun provides very intense visible light, 
especially when condensed with a mirror or lens, 
but it is scarcely suitable for quantitative work. 

The electric arc (best with cored carbons) is 
also a brilliant hght source for the visible, but 
shares with the sun the defect of variations in 
intensity. For the visible region, where a light 
source giving a continuous spectrum is required, 
tungsten lamps are best. For use with filters, 
high-wattage filament lamps (projection type) 
or Pointohte lamps are employed, while nbbon 
filament lamps are necessary for work with a 
monochromator. When light m the blue end 
of the spectrum is desired it may be necessary 
to over-run the filaments to secure sufficiently 
high mtensities. A continuous-spectrum light 
source for the ultra-violet (to 2,000 a.) is found 
m the hydrogen discharge lamp. This is more 
commonly used for absorption spectra measure- 
ments than for actual photochemical work, as 
Ime sources are better for the latter. The older 
pattern consists of a long tube with a sihca end- 
wmdow, fitted with large aluminium electrodes 
and contammg pure hydrogen at 1-10 mm. pres- 
sure. The ultra-violet emission is excited by the 
application of 2,000-6,000 v. and emerges as a 
narrow pencil of rays axially. Low-voltage 
tubes operating on 110 v. a.c., having speciaUy 
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prepared alkahne-earth oxide coated electrodes, 
have been developed more recently. 

Light sources giving discontinuous spectra are 
commonly preferred for photochemical work, 
owing to the high intensities of monochromatic 
hght attainable, and the most important of 
these IS the mercury arc. The usual type is the 
medium-pressure arc, and consists of a dis- 
charge in mercury vapour at pressures varying 
between ono-eighth and 2 atm. Many different 
designs are available, but all consist of a clear 
fused -silica tube in which the discharge passes, 
varying m shape, in the electrodes (whether 
tungsten or liquid mercury), and in the mode of 
filling (whether of the sealed or “ open ” type). 
The arc is usually 5-10 cm. long in a tube of 
1-2 cm. diameter, carrying 3-4 amp. The lamps 
are operated on d.c. or a.c., according to the 
design. The hght output depends on throe 
vanables, the arc current, the arc voltage, and 
the pressure of the mercury vapour, the latter 
being fixed by the steady temperature (300- 
400°c ) attained by the lamp under the conditions 
of cooling employed. Fixmg two of these 
variables also fixes the third; consequently a 
constant current and voltage can be maintained 
only by control of the cooling Most lamps are 
designed for operation in free air ; enclosure in 
a box or subjection to a current of air will there- 
fore modify their hght output at fixed voltage. 
The light output is greatest with high voltage 
and low current, corresponding to high pressures 
and operating temperatures Under these con- 
ditions the life of the lamp through loss of trans- 
parency of the tube is shortened, and in practice 
a balance between high output and long tube 
hfe IS chosen. By decreasing the tube diameter 
the brightness per xmit area of the source is m- 
creased. For use with monochromators a high 
mtrinsic brightness is very desirable, and 
capillary arcs (2 mm. diameter) have been 
designed for this purpose. Their life is short, 
but new ones may be easily constructed for each 
experiment. Table II lists the chief ’ emission 
Imes of the mercury arc, and gives average values 
for the number of emsteins obtainable for photo- 
chemical purposes. 

Table II. 

Nhv per sq. cm. per sec. available from mercury 
lamps taking 4 amp. at 130 v across arc , either at 
working distance oi 3 5 cm. from a medium-pressure 
arc, or at slit of a/3 5 monochromator with capillary 
arc. 


Wave-length, A 

Nhv per sq. cm 
per sec 

5770^ 

l YeUow .... 

25 X 10-* 

6461 Green 

18x 10-» 

4368 Blue 

13x10-® 

4046 Violet 

6xl0-« 

3660> 


18x 10-8 

3130 


10x10-8 

3021 

2804 

► Ultra-Violet . 

6x10-* 

1-8x10-8 

2664 


2-2 X 10-8 

2637J 


2x 10-8 
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We may calculate from this Table, for example, 
that a 3-hour exposure of a cell of 10 sq. cm. area, 
distant 3-5 cm. from the lamp, to the wave- 
length 3,130 A. (supposedly isolated) will 
“ physically activate ” 10 “^ g.-moL, the light 
being assumed to be completely absorbed in the 
cell. Another type of mercury arc is designed 
to operate at higher pressures (up to 80 atm.) ; 
these are of short life (about 50 hours), but the 
light IS of an intrinsic brilhance one-fifth that of 
the sun. The mercury hues are broadened and 
those of shorter wave-length reduced in intensity 
by resonance absorption. An entirely different 
type of mercury lamp contains about 5 mm. of 
helium or neon, and operates at ordinary tem- 
perature. About 10% of the electrical energy 
consumed, and about 90% of the energy radiated 
as light, appears at the wave-length of the mer- 
cury resonance line 2,537 a. This lamp affords 
the most efficient means of obtaining this wave- 
length, but its intrinsic intensity is not high. 

Radiation in the wave-length range 2,300- 
1,400 A of intensities about 10”^® J\hv per sq 
mm. per sec. is obtainable from condensed sparks 
between electrodes of cadmium, zinc, or alumi- 
nium at a power consumption of 1,000 w. Still 
shorter wave-lengths down to 1,050 a. are pro- 
duced by special gas-discharge lamps containing 
xenon, krypton, or argon. 

Cells. — Cells for reaction mixtures or filters 
are usually constructed of glass for work in the 
visible region and of clear fused silica for work 
to 2,000 A “ Perspex ” may be used for the 
near ultra-violet region. Beyond 2,000 a crystal 
quartz transmits to 1,800 a., selected fluorite to 
1,350 a., and lithium fluoride to 1,000 a. m 
thicknesses of 1 mm. 

Experimental Arrangements. — ^For non- 
quantitative preparative work, photo-active 
systems may be simply exposed to sunlight or 
mtense arc or mercury lamp hght, with or with- 
out a light filter. A suitable straight-pattern 
mercury lamp may bo concentrically surrounded 
by a coohng jacket contammg a circulated filter 
liquid and again by an annular tube for the 
reaction mixture. Where precise measurements 
are necessary the problem becomes more compli- 
cated and experimental arrangements more 
diverse, as many factors are mvolved. The 
reaction mixture is then contained in a cell with 
plane faces back and front, on to which is directed 
an approximately parallel uniform beam of 
intense, nearly monochromatic radiation. With 
non-uniform non-parallel light beams and cells 
of other shape the evaluation of the light 
absorbed may be extremely complicated. The 
cell size depends on the hght beam available and 
whether the absorption is strong or weak, and 
other features, such as stirrmg arrangements or 
mode of filhng, on whether the system to be 
studied is gaseous or liquid, etc. Several 
methods arc available for rendering the hght 
monochromatic or limitmg it to a narrow wave- 
length range. The simplest is by employmg a 
light filter. Used with a contmuous source this 
isolates a band of wave-lengths of some width ; 
with line sources such as the mercury lamp a 
filter effects a closer degree of monochromatisa- 
tion. Filters need to bo carefully chosen to suit 
the spectral characteristics of the sources of 


light; they should remove the infra-red in 
addition to other unwanted radiation, be reason- 
ably stable to illumination, and transmit a high 
proportion of the wave-lengths required within 
a narrow range. For visible hght, coloured 
glasses and dyed gelatine-film filters are avail- 
able, while liquid filters may be used both for 
visible and ultra-violet work. Solutions of suit- 
able strengths and thicknesses of copper sul- 
phate, chloride, or nitrate, or of ammoniacal 
copper sulphate, are valuable for removing infra- 
red and longer-wave visible light up to any 
point in the blue. Combined with solutions of 
dichromate to remove light of shorter wave- 
lengths than the yellow, or chromate for hght 
shorter than the green, or strong sodium nitrite 
solution to remove light shorter than the blue, 
a wide range of visible transmissions can be 
realised. Other useful filters are iodine in 
carbon tetrachloride to transmit the violet, 
mckel-oxide glass for the mercury hne 3,660 A., 
mckcl-cobalt solutions (360 g. of Ni 804 , 6 H 2 O 
and 100 g. of CoS 04 , 6 HgO, very free from iron, 
made up to 1 htre with water; 4 cm.) for re- 
moving the visible and transmitting the ultra- 
violet 3,300-2,300 A., gaseous chlorine for trans- 
mitting 2,800-2,300 A. while removing the rest 
of the ultra-violet, and the following for cutting 
off shorter wave-lengths : 1 % ferric alum in 
sulphuric acid (3,800 a.), i% potassium 
hydrogen phthalate (3,000 A ), potassium iodide 
(2,600 A.) and 4 n acetic acid (2,400 A.). As an 
alternative to filters in the visible region a 
device due to Christianson may be used. It 
consists of a glass cell filled with glass powder 
and methyl benzoate and thermostatted. The 
refractive indices of the glass and the liquid 
comcido exactly only at one wave-length, which 
vanes with the temperature. A narrow spectral 
legion near the comcidenco is transmitted by 
the cell, adjustable by temperature control, 
while the remainder of the light is eliminated by 
scattering. Very short-wave light from sparks 
is most conveniently treated by “ focal isola- 
tion,” use being made of two crystal quartz con- 
densmg lenses and small apertures placed at the 
pomts where they bring to a focus the wave- 
lengths required. For the visible and ultra- 
violet region to 2,600 A. an expensive but very 
satisfactory device is a specially designed high- 
aperture monochroraatof. This is constructed 
of fused sihca for ultra-violet work and used in 
conjunction with a high- brightness capillary 
mercury arc. The transmissive qualities of 
silica * monochromators begin to fail beyond 
2,600 A., but for work with the mercury line 
2,537 A. they are unnecessary because of the 
availability of the special mercury lamps, the 
radiation from which is largely concentrated at 
this wave-length. 

A quantitative photochemical experiment in- 
volves the determination of the amount of light 
of defined wave-length reaching the reaction cell 
during the time of exposure, the fraction of that 
radiation actually absorbed by the reactants, 
and the nature and amount of the chemical 
change produced. The amount of hght reaching 
the cell is usually determmed with a th^mopilo 
and galvanometer which has been calibrated in 
energy units (ergs per sq. cm. per sec.) by means 



PHOTOCHEMISTRY. 


529 


of a “ standard lamp,’* the emission of this 
(sub-) standard having been determmed at a 
standards mstitution by reference to the absolute 
radiation from a “ black body ” of known tem- 
perature. The thermopile may be of “ surface 
typo ” ; greater accuracy is, however, obtainable 
by “ integrating ” the light beam with a movable 
“ Imear ” thermopile. Prom the number of ergs 
impinging as radiation during the exposure on 
the photochemical cell the number of einsteins 
or imits of Nhv are calculable from the simple 
quantum relation. To find the number of these 
units absorbed allowance must be made for light 
losses by reflection from the cell faces and for 
light unabsorbed. The fraction of the light 
absorbed may be determmed by placing the 
thermopile behind the cell, or it can be cal- 
culated from the “ extinction coefficients ” as 
determmed by standard methods of absorption 
spectroscopy. In the absence of complicatmg 
effects, such as the presence of other absorbmg 
materials, or changes of molecular structure or 
environment with concentration, the fraction of 
light absorbed from a monochromatic parallel 
light beam by a thickness of solution d cm. 
= (1 — 10"€cd) where € is the molar extinction co- 
efficient and c the concentration of the absorbing 
substance in g -mol. per 1. A similar expression 
holds for gases with the pressure substituted for 
the concentration. Careful attention must be 
given to many details in the above determma- 
tions ; the constancy of the light source, changes in 
absorption during exposure, the possibility of the 
formation of other mert absorbing substances, 
or of precipitates which scatter the hght. Con- 
ditions are somewhat simplified if the light 
absorption is either total or very weak. In the 
former case, disturbmg causes being absent, the 
number of molecules receiving a quantum is 
independent of concentration, so that the photo- 
change IS linear with time, while in the latter 
case the absorption is proportional to the con- 
centration, so that the photo-change follows a 
“ unimolecular ” law. There remains the deter- 
mination of the amount of chemical change pro- 
duced For this there are as many methods as 
there are different photo-reactions ; analysis by 
changes of pressure in gases, changes of titre in 
solutions, changes of light absorption or electrical 
conductivity, etc. Estimations may be dis- 
continuous, or flowing systems may be used. 
Three major difficulties almost always face the 
experimenter : (a) the absolute amount of 

chemical change is often very small, perhaps 
10^* to g.-mol. per hour of exposure; 

(6) the final products are often a complex mix- 
ture of difficultly identifiable substances the 
proportions of which vary with the length of 
exposure, and (c) the final products are the 
result of complex secondary reactions which 
obscure the nature of the primary photo-change. 
For this reason, in spite of intensive study m 
certain cases, the mechanisms of few photo- 
chemical reactions have been satisfactorily 
worked out. 

Determination of Kinetics. — Ina complete 
study of a photochemical reaction, measurements 
as described above are carried out with changes 
in all the possible variables, namely, light m- 
tensity, wave-length, and concentrations or 
VoL. IX.— 34 


partial pressures of the reactants over a wide 
range, together with a study of the effects of 
suitable additions to the system, such as the 
artificial introduction of atoms or radicals. 
These results permit of the formulation of the 
kinetics of the reaction, t.e., of the mathematical 
relationship between the reaction rate and the 
above variables. The next step is to discover, 
by trial and error, a set of chemical equations 
which are in agreement with the measured 
kinetics. As a guide, attention is directed to two 
considerations. First, the quantum efficiencies 
of the reaction under various conditions are cal- 
culated. These are the ratios of molecules 
reacted to quanta absorbed, or, what is equiva- 
lent, gram -molecules reacted to einsteins 
absorbed. If every molecule which absorbed 
a quantum, thereby becoming “ physically ” 
activated, simply underwent chemical change 
mto a stable product molecule, the quantum 
efficiency would bo unity. Excoodmgly few 
reactions show such simplicity, and values of 
quantum efficiencies vary from very small 
fractions to figures of the order of a mil^on. If 
the efficiency is fractional it mdicates that not 
all the “ physically ” activated molecules pro- 
ceed to permanent chemical reaction; this state 
of affairs is found with most colouiod substances, 
such as dyes, which fade very slowly in light. 
Efficiencies greater than unity show that 
“ physically ” activated molecules bring about 
the chemical reaction of a greater number of 
molecules which have not been directly excited 
by the light; ic, they sot up a “chain 
mechanism.” This they do usually by dis- 
sociatmg into atoms or radicals the high chemical 
activity of which brings about the reaction 
“ chain.” Examples of those types of behaviour 
are discussed in detail below. The second con- 
1 sideration which is relevant is the nature of the 
I spectrum of the absorbing substance. As ex- 
I plained below, under favourable circumstances 
it IS sometimes possible to discover the primary 
chemical effect produced by the light after 
“ physical ” activation of a molecule ; with this 
primary change established one can proceed 
with more confidence to attempt to unravel the 
secondary chemical reactions (of a thermal and 
non-photochemical character) which are so 
common a feature in photochemistry. As will 
appear later, it often turns out that even when 
the above considerations are fully taken into 
account the kinetics provide ambiguous answers , 
more than one set of chemical reactions satisfy 
them and it may be difficult or impossible to 
distinguish between two or more plausible 
“ mechanisms.” 

Accordmg to the electronic theory, atoms con- 
sist of minute positively charged nuclei round 
which are grouped the negatively charged 
electrons. These electrons occupy certain regions 
of space round the atom, the theoretical subject 
of wave-mechanics purportmg to define these 
j regions in mathematical terms. Only a limited 
set of different arrangements of the electrons 
appear to be possible, and the laws of these 
arrangements, given by “ wave-equations,” 
somewhat resemble the laws of vibrations of 
complex objects such as a bell, which are 
i restricted to certain types of fundamentals and 
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overtones or harmonics. Each dijfferent elec- 
tronic arrangement of an atom has a different 
energy ; the state of loi\ est energy is called the 
“ ground state.” If radiation falls on a system 
consisting of atoms m their “ ground states,” 
one of two possibihties may occur. The system 
may be transparent to the radiation ; here the 
electromagnetic waves temporarily distort the 
electronic arrangements as they pass by, but 
produce no permanent effect on the matter. A 
reduction occurs in the velocity of the radiation 
by its interaction with the atoms; this effect 
being known as refraction and dispersion, but no 
chemical change can result. On the other hand, 
the system may bo more or less opaque to the 
radiation and the atoms may absorb it. This 
occurs when the frequency of the radiation is 
such that the quantity of energy hv just equals 
the energy necessary to cause an atom to change 
from its ground state to a higher state with a 
different electronic arrangement. The number 
of atoms so aftected equals the number of 
“ quanta ” absorbed. Owing to the hmited 
number of states possible for any atom, atomic 
spectra consist ot narrow Imes of frequencies 
given by the above quantum relationship. Such 
an absoiption spectrum is shown by the Erauen- 
hofer dark hues of the solar spectrum. 

When these considerations sketched m outline 
above are extended to molecules additional com- 
plications are obseivcd. The laws of the group- 
ing of electrons m molecules are the same as 
those for atoms, but are more difficult to ajiply, 
smee a molecule has more than one nucleus 
within it. When chemical bonding occurs 
between two atoms, certain electrons (from the 
outermost elections of the atoms) are held in 
( ommon by the two nuclei, while the remaining 
(‘lectrons continue to bo associated with one 
nucleus only. A “ single bond ” in chemistry 
corresponds to a pair of electrons held m com- 
mon by two atomic nuclei, and a “ double 
bond ” by two pairs so held. In the latter case 
the two pairs are not similar, but occupy 
different regions of space m the bond, one pair 
being more weakly “ bound ” than the other. 
Because of this weak bmding, molecules with 
double bonds absorb at longer wave-lengths than 
those with smgle bonds only, and more com- 
monly feature m photochemical reactions. In 
organic compounds with ” conjugated ” struc- 
tuies, i e , those having double and smgle bonds 
arranged alternately when the molecule is con- 
\entionaUy symbohsed by a chemical structure 
formula (e.gf., butadiene or benzene), certam 
bonding electrons are shared between more than 
two nuclei, so that the true ” structure ” cannot 
be represented adequately by a valency formula. 
These molecules are of peculiar interest in photo- 
(hemistry, but the difficulty of understanding 
the effect of absorption of light is enhanced by 
their structural peculiarities. It may be stated 
in general terms, how ever, that when any mole- 
cule absorbs radiation \y mg roughly in the limits 
10,000-1,000 A. its electronic arrangement is 
altered. One electron is removed from the 
position it occupies m the ” normal ” or 
‘‘ ground ” state and is elevated to another 
position of higher energy within the molecule. 
The electron so affected is usually one from the 


“ bonding ” or “ shared ” electrons in the mole- 
cule, causmg an immediate and profound change 
in the chemical links holdmg the molecule 
together; m certam mstances, however, the 
light IS taken up by a “ non-bondmg ” electron. 

When a molecule has boon “ physically acti- 
vated ” by hght absorption, whereby one of its 
electrons has been raised to a “ higher level,” it 
undergoes m a very short space of time, usually 
less than 10“® second, one of the fates shown 
below m Table III. 

Table III 

1. Deactivation . 

(a) Spontaneous. 

(b) By collision. 

2. Fluoiescence. 

3. Chemical reaction by collision. 

4. Dissociation mto atoms or radicals : 

(a) Photo-dissociation ; 

(i) Spontaneous. 

(ii) Induced by collision. 

(b) Predissociation : 

(i) Spontaneous. 

(ii) Induced by colhsion. 

These possibilities are best explained by refer- 
ence to the “ potential-energy curves ” of di- 
atomic molecules. 

In Pig. 1 the ox axis represents distances 
between the nuclei of a diatomic molecule, on 
being the inter-nuclear distance for the noii- 
vibratmg molecules. OY is an energy axis. If 
one atom is imagined fixed on the oy axis, the 
other atom may be represented as vibrating 
along the Imes 1,1, 2,2, 3,3, etc,, when the mole- 
cule has 0, 1, 2, etc , quanta of vibiational 
energy. (The apparent vibrational energy of 
the molecule on the 1,1, level, where the mole- 
cule IS regarded as having zero quanta of vibra- 
tion, IS explained by wave-mechanics as “ zero- 
point energy.”) These points may be joined by 
the “ potential -energy ” curve abc. The ” com- 
pressional ” Lmb ba rises steeply, but the 
“ stretching ” limb bc curves aw^ay to a hori- 
zontal asymptote ch owing to the weakening of 
the bond forces at high amplitudes of vibration. 
The height oh represents the energy of dis- 
sociation of the normal molecule into two un- 
excited atoms, since a vibration of infinite 
amplitude is equivalent to dissociation. At 
ordinary temperatures the majority of the 
molecules will bo at the 1,1 level, this being 
their “ ground state ” as regards vibrational 
energy (see note above). A small fraetion will 
bo on the 2,2 level, and much smaller fractions 
still on the higher levels. Passage from level 
1,1 to level 2,2 corresponds to absorption of a 
quantum of infra-red radiation while jumps 
from the 1,1 level to higher levels, requiimg 
higher energy, are very improbable and are 
therefore associated with exceedingly weak 
absorption bands. 

Above the curve abo is a similar one def repre- 
senting the vibrations of an excited molecule, 
i.e,f one m which an electron has been excited 
by receivmg a quantum of energy given by the 
height of B above ox. The magnitude of this 
quantum corresponds to the absorption of 
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visible or ultra-violet light. Such a molecule, 
on dissociation (asymptote fj), gives one excited 
and one normal atom, the distance of being 
the excitation energy of the atom. The passage 
of a molecule from one curve to the other is 
governed by the Franck-Condon Principle. 
This states that when the electron is excited by 
absorbing a quantum of radiation it moves to 
its new position so rapidly second) that 

the vibrations of the nuclei (period about 
10 “^ 3 second) cannot keep pace. Since almost 
all the absorbing molecules at ordinary tempera- 
tures are practically at pomt b of Fig. 1, and by 
the above principle the mter-nuclear distance 
cannot alter during absorption, the process of 


excitation is represented by the vertical Ime 
BO. A compressed excited molecule results, 
which at once begins to vibrate (in Fig. 1, along 
the 4,4 level). This illustrates the important 
difference between the absorption spectra of 
atoms and molecules. When the latter absorb 
light the electronic transition is accompanied 
by changes of vibrational energy. Changes of 
rotational energy also occur, but are not repre- 
sented by the figure. The vertical transition 
from B to G represents the most probable tran- 
sition; transitions to the levels 3,3, 2,2, 6,5, 
6,6, etc., of curve def, lying just off the vertical 
Ime, are also possible with lesser probabilities. 
The spectrum resulting from these transitions is 
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shown to the left of the axis oy. As oy is an 
energy axis, and quantised energy is proportional 
to frequency, the absorption spectrum appears 
on a frequency scale. The spectrum is a senes 
of lines corresponding to jumps from b to the 
different vibrational levels of curve def, which 
converge to a hmit j. Each “ Ime ” is really a 
bunch of finer lines (“ rotational structure *’) 
due to simultaneous changes in the quantised 
rotational energy of the molecule. Absorption 
of hght of frequency beyond j causes the mole- 
cule to dissociate into one normal and one 
excited atom; since these atoms can separate 
with any value of (non- quantised) translational 
energy the spectrum here becomes structureless 


or continuous. The curve klm represents the 
distribution of the intensity of the absorption. 
This is most intense at l, corresponding to point 
G, and falls on both sides, more steeply towards 
the side of lower frequencies. The features of a 
“ typical ” molecule absorption spectrum may 
thus be summarised : passage from the ground 
state to an electronically excited state eorro- 
sponds to a broad region of absorption. This 
consists of “ lines,” or better, “ partial bands,” 
due to changes of vibrational energy, each 
“ partial band ” having a “ rotational fine 
structure ” of finer lines, and of a region of 
continuous absorption at shorter wave-lengths. 
Absorption m the continuous region “ photo- 
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dissociates ** the molecule into atoms (4 (a) (i) of 
Table III). Absorption in the banded region 
gives an electronically excited molecule, which 
may undergo a variety of fates. Its energy is 
greater than that corresponding to the asymp- 
tote cii ; ? c , IS more than sufficient to dis- 
sociate the molecule into two normal atoms. 
This, however, is possible only when the energy 
is re-arranged in a suitable collision, and pro- 
cess 4 (a) (ii) of Table III occurs. Collision with 
another molecule may, however, rob the excited 
molecule of its energy, degrading it to heat, 
giving process 1 (6), or alternatively lead to 
(hemical reaction, process 3 of Table III It 
may happen that the electronic structure of the 
excited molecule is one of unusual stability and 
insensitivity to colhsions , here by the oflfoct of 
collisions it will come into thermal equihbrium 
with the system, t.e., lose the high vibrational 
energy and pass from o to e (Fig. 1). After an 
interval of about 10“® seconds the molecule may 
lose its electronic energy by re-radiation ; it 



drops down a vertical line from E to levels 
around 5,5 of curve abc, emitting fluorescence 
spectrum mostly of lower frequencies than the 
absorption spectrum (Stokes’ law), as the 
distances travelled are less than qb. (Process 2 
of Table III) 

Some diatomic molecule spectra differ from 
the “ typical ” one. The spectrum may bo 
wholly continuous, duo to point a (and hence l) 
lying well above the asymptote fj, or to the 
upper curve having no minimum and convergmg 
to CH (unstable upper state, see curve pr of 
Fig. 3). Another possibility is shown in Fig. 2. 
The potential eneigy curves of the two states 
cross, 80 that an excited molecule (curve dbf) 
can lose its energy by spontaneously passmg 
over to curve abo at points e or n, reverting to 
the ground state (with excess vibrational energy 
quickly lost by collisions). This corresponds to 
1 (o) of Table III. A more complicated picture 
IS shown in Fig. 3. abo is the ground state, and 
DEF the electronically excited state reached by 
the absorption of light. The curve of an “ un- 


stable ” or “ repulsional ” electronic state repre- 
sented by PR cuts DEF at n. The absorption 
band correspondmg to transitions from b at 
energies or frequencies below n shows the normal 
“ partial band ” system with “ rotational fine 
structure.” At N or above, however, the excited 
molecule changes over to curve pb and dis- 
sociates into normal atoms after executing a few 
vibrations. As rotational periods are compara- 
tively long (lO"^^ second) the molecule may not 
complete a rotation before this occurs, so that the 
“ rotational fine structure ” of the “ partial 
bands ” is blurred. The phenomenon of blurred 
rotational structure, associated with a delayed 
process of dissociation, is called “ predissocia- 
tion.” Fig. 3 illustrates process 4 (5) (i) of 
Table III ; 4 (6) (ii), manifesting itself by a 
blurring dependent on pressure, needs a more 
complicated diagram with one more upper state 
for a complete interpretation. 

It would seem from the above oonsideiations 
that from the appearance of the absorption 
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spectrum it should be possible to decide on the 
primary effect of the light on the molecule; 
whether a relatively stable excited molecule is 
produced, or whether dissociation, delayed or 
otherwise, occurs. Unfortunately, matters do 
not turn out so simply, especially when molecules 
of greater complexity than diatomic are con- 
cerned. Here the potential energy curves be- 
come hyper-surfaces in polydimensional space, 
which mtersect m compheated ways and cannot 
be elucidated in detail. Blurred rotational 
structure is sometimes observed where thermo- 
chemical evidence makes the assumption of dis- 
sociation impossible ; on the other hand, sharp 
rotational structure is observed in other cases 
where dissociation does occur, but after an 
interval so long that the rotational energy of the 
molecule can impress its quantisation on the 
spectrum. Continuous spectra may occur with- 
out a dissociation process merely because they 
are formed by the overlapping of thousands of 
Imes of slightly different frequencies. Sub- 
stances in the liquid or dissolved form always 
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show absorption spectra with the rotation struc- 
ture and most, if not all, of the vibration struc- 
ture smeared out owing to the “ detuning ” of 
the molecular frequencies due to the variable 
but powerful electrical interactions between 
molecules in close proximity to one another. 
Consequently the information derivable from 
an examination of the absorption spectrum may 
be negligible or even deceptive. For certain 
diatomic molecules m the gaseous state, however, 
the spectral evidence is clear and decisive ; it is 
fundamental, in fact, for the interpretation of 
certam photochemical reactions of importance. 
Examples of these are described below. 

It has already been pointed out that the 
primary effect produced by the light often bears 
little relation to the final products of photo- 
chemical change, owing to deactivation, thermal 
chain mechanisms, etc. In most instances, 
however, the final measured chemical change is 
proportional to the amount of light absorbed by 
the photo-active substance m the system. Cer- 
tain examples nevertheless show a different 
behaviour, the measured rate being proportional 
to the square root of the light absorbed. The 
examination of such reactions needs particular 
care, for example, if the light is moderately 
strongly absorbed, the amounts of light absorbed 
vary with depth in the system, and the over-all 
photochemical rate is not simply the sum of 
rates calculated as for the more usual case of 
proportionahty to the light intensity. The 
square root relationship always arises from one 
cause ; the production of atoms or radicals 
directly or indirectly by the light followed by 
the recombination of the majority of these atoms 
or radicals according to a bimolecular reaction 
law. The measured photo -change is then a 
by-product effect arising from the further 
reactions set up by the minority of the atoms or 
radicals, namely, those which escape recombina- 
tion. The rates of photo -reactions of this type 
vary in an important way if intermittent hght is 
used ; for the same amount of light the rate is 
faster if the intcrmittency is rapid than if it 
IS slow. Experiments on this are conducted by 
mterposing the arms of a rotating sector m the 
hght path, by \arymg the speed of which 
the intermittency is varied. At high speeds the 
atoms or radicals, which are constantly being 
formed by the light, do not have time to recom- 
bme appreciably durmg the dark intervals, and 
so maintain a relatively high stationary con- 
centration which determines the rate of the 
measured photo-change. At low speeds the con- 
centration of the atoms or radicals drops to zero 
durmg the dark intervals, and this reduces the 
measured rate. Over a narrow range of inter- 
mediate speeds the meeisurod rate changes 
rapidly from one value to the other. The 
average period of illumination or of darkness 
corresponding to this change-over is an approxi- 
mation to the half-life period of the atoms or 
radicals, i.e , of the time for their concentration 
to fall to one half. In this way reaction- 
velocity data are obtamable for an otherwise 
maccessible part of the total photo-change. 

The effect of tempercUure on a photo-reaction 
depends very much on its complexity. Re- 
actions which have no “ chain mechanism ** 


usually show almost a zero temperature oo- 
eflScient. Since light absorption varies very 
little with temperature this is so whether the 
overall rate or the quantum efficiency is con- 
sidered. Where extensive secondary reactions 
occur, however, the temperature dependence is 
that of one of the thermal reactions involved 
and may be high. 

Actinometry. — Many attempts have been 
made m the past to utihse selected photo - 
reactions for the measurement of hght intensity 
and so as standards for comparison with other 
photo-reactions. It is a good illustration of the 
general complexity of photo-reactions that few 
have been successful. A smtable system should 
have a hght absorption unchanged by reaction, 
be free from objectionable characteristics such 
as absorption or scattering of light by the pro- 
ducts, and have a quantum efficiency indepen- 
dent of wave-length and strictly proportional to 
the light intensity. No photo-reactions cover- 
ing the visible spectrum and fulfilling these con- 
ditions are available. For the ultra-violet 
region 4,000-2,000 x. aqueous solutions of 
uranyl oxalate with excess oxalic acid are 
valuable. The mechanism of this reaction is 
described below. The photo-decomposition of 
hydrogen iodide over the same wave-length 
range affords an actinometer suitable for work 
with gas reactions. At shorter wave-lengths the 
formation of ozone from oxygen and the decom- 
position of carbon dioxide may be used. The 
advantage of an actinometric reaction as a com- 
parison in photochemistry is that, once the 
actinometer has been calibrated, the elaborations 
of thermopiles, etc., are avoided and corrections 
duo to light losses in the apparatus by reflection 
or poor transmission automatically eliminated. 

SuBVBY OF PirOTOCHEMICAL REACTIONS. 

Diatomic Molecules. — Hydrogen and. nitro- 
gen scarcely absorb m the commonly agreed 
wave-length limits of photochemistry, and are 
therefore unaffected directly by radiation within 
such hmits. 

Oxygen absorbs strongly below 1,800 a. and 
the spectrum indicates that atoms are formed by 
photodissociation. A weaker absorption spec- 
trum at longer wave-lengths, 2,500-1,900 A , is 
detectable with oxygen at high pressure; here 
atoms are also formed by photodissociation, 
either spontaneous or induced. The final 
photo-product obtained is ozone by the reactions 

O-f-O 

O+O 2 +M -V O 3 +M 

M stands for another molecule of oxygen or for 
any other suitable molecule present in the 
system, the mtervention of which is required by 
quantum theory to carry away as translational 
energy any excess energy during the change. 
This IS expressed commonly as the necessity for 
a “ three-body collision ** in elementary re- 
actions where otherwise a single molecule (with 
strictly quantised internal energies) is produced. 
The quantum yield of ozone is ideally 2, and this 
value is reached under most experimental con- 
ditions, but smaller efficiencies occur at long 
wave-lengths, low pressures, and where the 
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ozone is allowed to accumulate so that a back 
photo-decomposition becomes serious. 

If hydrogen is added to the above ^stem some 
water is formed at a very low quantum efficiency. 
The mechanism of this reaction has not yet been 
solved. 

The hydrogen halidea absorb in the ultra-violet 
region ; hydrogen chloride beyond 2,500 A., 
hydrogen bromide beyond 3,300 A., and hydro- 
gen iodide beyond 3,850 a. The spectra are 
continuous, and indicate a process of photo- 
dissociation into normal atoms, the potential 
energy curve of the excited states being of the 
typo PR of Fig. 3 . When hydrogen chloride gas 
IS exposed to short-wave ultra-violet light very 
little permanent photo-change is observed, 
however, owing to the rapid recombmation of 
the dissociation products which occurs both 
thermally and photochemically (by the absorp- 
tion of light by the chlorine). In presence of 
oxygen free chlorine is produced in quantity, 
evidently owing to the removal of hydrogen 
atoms as water. Gaseous hydrogen bromide and 
iodide decompose in ultra-violet radiation with 
a quantum efficiency of 2, since back reactions 
are negligible . 

H+l 

H+HI -> Hj+I 

l+l+M -> Ig+M 

Each hydrogen atom produced reacts with 
another hydrogen iodide (or bromide) molecule, 
and the iodine (or bromme) atoms combme to 
molecules by a “ three-body ” collision. In 
presence of oxygen, water is formed, almost 
certainly through the mtermediate formation 
of the unstable molecule HOg. 

The halogens have spectra and potential energy 
curves resembling those of Fig. 1, the features 
of the spectra being a banded system with 
rotational fine-structure on the long-wave side, 
converging to a limit, followed by a region of 
continuous absorption towards the short waves. 
Other imperfectly investigated absorption 
regions exist in the further ultra-violet. The 
approximate limits, etc., of these bands are 
given m Table IV. The spectral facts very 


Table IV. 


Halo- 

gen 

Approxi- 
mate 
limits of 
first absorp- 
tion band, 

A 

Con- 
vergence 
of partial 
bands, 

A 

Maxi- 

mum 

absorp- 

tion, 

A 

Data on 
second band 
system. 

CI2 

5,400-2,600 

4,785 

3,400 

Beyond 
2,000 A 

Br2 

6,000-3,300 

5,100 

4,100 

Around 
2,250 A 

»2 . ‘ 

7,000-4,300 

4,995 

5,000 

3,003 A to 
very short 
wave-lengths 


clearly indicate that when the halogen mole- 
cules absorb light they photodissociate into 
atoms; beyond the convergence limits this 
occurs spontaneously, as explained by Fig. 1, 
and in the banded region the dissociation is 
brought about by colhsions (process 1 (6) of 


Table HI). Both in the gaseous or in the dis- 
solved state of the halogen, illumination must 
cause dissociation with a quantum efficiency of 
two atoms per quantum; these atoms either 
speedily recombine to molecules, or, if some 
other reactive substance is present, take part m 
secondary changes of ordinary “ thermal ” 
reaction character. These subsequent reactions 
prove to be of a very complicated and elusive 
nature, and in spite of a vast amount of work on 
photochemical “ halogenations ” much still 
remains obscure. Some of the more salient and 
settled facts are discussed below. 

The photo-reactions of the halogens with 
hydrogen have proved of exceptional intricacy 
and interest. Following the production of 
halogen atoms by the light, the reactions below 
are possibilities (X= halogen atom) . 

Table V. 


Reaction 

Activ 
kg -ca 

Cl 

ition ei 
1 pci g 

Br 

nergj , 

-mol 

1 

1 . X+H 2 ->HX+H . . 

6 

18 

35 

2. H fXg-^HX+X . . 

0 

0 

0 

3 . X+X+M ^Xg+M . 

0 

0 

0 

4. H-fX+M HX+M . 

0 

0 

0 

5. H-f H-fM ^ H 2 +M 

0 

0 

0 

6. X-fwail->iX 2 . 

0 

0 

0 

7 . H-fwall -> 4 H 2 . 

0 

0 

0 


Reaction- velocity theory shows that the rate 
of a thermal reaction such as (1) above equals 
10^^ g..inol. per c c. per sec., where E is 

“ activation energy ” of the reaction, R the gas 
constant, and T the absolute temperature. The 
absolute values of the activation energies- of 
reaction (1) are all-important in determining the 
different features of the photo-reactions of 
hydrogen with the three halogens. In the case 
of iodine the exponential factor is so small that 
the rate of (1) is negligible, explainmg the ex- 
perimental fact that no photo-combmation of 
hydrogen with lodme is observed. With 
bromme, reaction (1) is extremely slow at 
ordmary temperatures, but is faster at about 
180°o., and only here is the photo-formation of 
hydrogen bromide easily measurable. The 
kmetics of the reaction are . 

d[HBr]/d«=(A:iV/[H2])/{l+^2([HBr]/[BrJ} 

where I is the absorbed light intensity. This 
equation can be shown to be in perfect accord 
with the following assumptions : 

(a) Dissociation of bromine molecules by light 

(proportional to I ) ; 

(b) Recombination of most of the atoms to 

bromine molecules (reaction (3), Table V) ; 

(c) A small fraction of the bromme atoms 

reacting as (1), Table V ; 

(d) The hydrogen atoms disappearing by two 

competing processes, (2) Table V, and 

H-f HBr H 2 + Br. (This gives the 

term [HBr]/[Br 2 ] in the denominator.) 
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The mechanism of the reaction is thus very 
satisfactorily interpreted, and is found to agree 
with measurements on the thermal combination 
of hydrogen and bromine. Since this reaction 
obeys the y' I law the half-life of the bromme 
atoms can be determined by rotating sector ex- 
periments as described above. 

The photochemical hydrogen-chlorme reaction 
has been the subject of more investigations than 
any other photo -reaction, and no system has 
proved more tantahsmg and intricate. This in 
large part is due to the enormous influence 
exerted on the measurements by mmute amounts 
of various impurities. As a result much of the 
experimental work has proved in vain, many in- 
\ estigators having been led unfortunate will-o’- 
the-visp chases. Though many obscurities still 
icmain associated with this reaction, it is now 
]jossible to provide a mechanism for its chief 
leatures and to understand the general nature of 
its complexities. Difficulties arise at the very 
outset of an experimental kind. Unless the 
apparatus is subjected to a treatment with hot 
chlorine before use, traces of ammonia present as 
salts or albunrenoid substances cause lengthy 
“ induction jionods ” during which the photo- 
change IS aiiparcntly suspended until the nitro- 
gen chlorides formed are decomposed by the 
light. Even distilled water contams enough 
nitrogen cous material to produce an induction 
period, and inhibition due to tap -lubricants and 
drying agents have proved pit-falls for unwary 
investigators. Oxygen, an impurity difficult to 
remove, present at one part in a thousand or so, 
exeits such an effect on the photochemical late 
as to make this inversely proportional to its 
concentration IModern technique purifies the | 
chlorine by liquefaction and low- temperature 
fractionation, and the photo-reaction is followed 
by measurements of the pressure of the hydrogen 
after condensation of the chlorine and hydro- 
chloric acid by liquid air, but uncertainties due 
to the unwanted introduction of inhibitors during 
the manipulations are always present. 

Under conditions of extreme puiification, 
(juantum elliciencies of 10^-10® have been 
obseived. The initial photodissociation of 
chloiine molecules by light must therefore be 
followed by very long thermal “ reaction chains.” 
It IS the effect of impurities and vessel walls on 
these “ chams ” which produces the extreme 
sensitivity of the reaction to small and often 
difficultly controllable differences between dif- 
ferent experiments, smee the “ stopping ” of a 
“ chain ” at an early stage may reduce the 
reaction rate by a factor of many thousands. 
The chain mechanism now rests on sound theo- 
retical considerations. It will be seen m Table V 
that reaction (1) for chlorine has a low activation 
energy, so that an appreciable fraction of col- 
lisions at the ordinary temperature between 
chlorine atoms and hydrogen molecules yields 
hydrogen chloride and a hydrogen atom (esti- 
mated about 1 in 10*). The hydrogen atom can 
attack an unactivated chloride molecule (re- 
action (2)) to give hydrogen chloride and another 
chlorine atom, which is then free to react as (1). 
This self-repeating pau: of reactions would lead 
to an infinite quantum efficiency if no “ cham- 
ending ” processes wore present. To the variety. 
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mode of action, and efficiency of ** chain-enders * * 
the reaction owes its complicated kinetics. 

No single kinetic expiossion has been found 
adequate to summarise experimental data ob- 
tained under all conditions. The alteration of 
one variable is often found to effect a complete 
change m the whole kinetics. For oxygen-free 
mixtures, in small vessels and with hydrogen in 
excess, d[HCI]/d^— the rate being pro- 
portional to the hydrogen and the light absorbed, 
and independent of the chloime concentration , 
the rate is also slower the greater the surface/ 
volume ratio of the vessel. The chains evidently 
end by reaction at the walls . Cl + wall -> JCIg. 
With excess of chlorine the rate expression in- 
volves the square root of the light absorbed and 
an inverse dependence on the chlorine : 

d[HCI]/d^=(V^[H2])/[Cl2l. 

The chief chain-ending process must hero 
be either Cl-f CIg CI 3 ; 2CI3 ^ SCIg or 
Cl-hCl-fClg 2CI2 (equation 3, Table V). 
These alternatives cannot be distinguished in 
any simple way. 

In presence of oxygen the lunctics are radically 
different, and simultaneously with the hydrogen 
chloride formation some of the oxygen is con- 
sumed to form water. Such an induced re- 
action IS called “ photosensitisation.” The 
following reactions have to be taken into account 
to explain the facts • 

8 H-hOg-fM -> HOg-hM (M— any mole- 
cule a(*ting as third body ) 

9. Cl-fOghM-^CIOg+M. 

10 H 2 O+OH. 

11 HOg+CIg-v HCI + CIOg 
12 . HOgf HCI -> H2O+CIO. 

13 H f HgO^-OH. 

14 H+HCl-fOg-v HgO+CIO. 

Reactions (13) and (14) are alternatives to (10) 
and (12) Under oidmary pressure conditions 
the kinetics are 

xlLHCI]/d^ 

=(A:i/[H2][Cl2l+^2[02])/([02][H2]+A;3[Clg]) 

and quantum efficiency of water formation 
==2[H2]/([Hg]-i-3[Cl2]). 

These expressions are deducible using equations 
(8-14) above, although the altern£i?tives cannot 
be distmguished. The following pomts should 
be noted. The assumption of the radical HOg 
rests for its justification on the effect of oxygen 
on the photo-decomposition of hydrogen iodide ; 
experimental facts here indicate that this radical 
IS comparatively stable and has a long life. No 
hypotheses about the fate of the O H radical in 
equation (10) or (13) can be tested. As the pro- 
portion of oxygen m the mixture is increased 
the ratio H C 1/ H gO formed decreases from a very 
high value to about 1*5. The fact that the limit 
18 not zero indicates that reaction (8) is faster 
than (9). Lastly, reactions (12) or (14) take 
account of the supposed inliibiting effect of 
hydrogen chloride on the reaction, an effect 
which in any case is small. 

The photochemical combination of chlorine 
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with deuterium is about one-tenth as fast as the 
corresponding reaction with hydrogen, owing to 
the sbghtly larger heat of activation of the 
change corresponding to (1) of Table V. 

The complexities associated with the presence 
of chlorine atoms, other atoms and radicals, and 
8olf-repeating chains endmg m a variety of ways, 
are also found m other photochemical chlorma- 
tions. The features of these differ in detail, 
liowever, and in a few instances only have satis- 
factory mechanisms been proposed. 

The reaction of carbon rrvonxixidt with chlorine 
obeys the kinetics • 

d[COCl2]/d<=(Iv'/)[Cl2]v'[CO]. 

This 18 explicable by a suitable combmation of 
the following reactions ; 

CO+CI-f M COCI I M 
COCI ->CO+CI 
COCl+Cl2">COCl2+CI 
COCI+CI->CO+Cl2 
CO+CI+CI -> COCIg. 

The observed high quantum efficiency arises 
from the production of now chlorine atoms in 
the above thermal processes. 

In presence of oxygen the photosensitised 
formation of carbon dioxide is observed. The 
intermediate radical COCI appears to bo com- 
jieted for by CIg or O2 ; with the latter molecule 
the probable reactions are : 

COCI+Oa-J^COa+CIO 

CO-fCIO-yCOg+CI 

Though much careful work has been carried out 
on this reaction its details have not been com- 
jdetely elucidated ; it seems reasonably certain, 
however, that the radical COCI plays an 
essential part. 

Photochemical chlonnations of hydrocarbons 
fall mto two typos, substitution and addition. 
Of the substitution reactions, that with chloro- 
form 18 the simplest as there is only one replace- 
able hydrogen per molecule The reaction has 
been studied both in the gas phase and m carbon 
tetrachloride solution. The quantum efficiency 
IS high, and the kinetics are : 

dfCCIJ/d^^VVLCIg] 

The chlorme atoms produced by the hght react 
thus : 

CHClg-i Cl -^CCIg+HCl. 

Repeating steps m the reaction chain are caused 
by. 

CCl3+Clj-> CCI4+CI. 

Finally, to fit with the experimental kinetics, 
the cham-ending process must be assumed to be : 

2CCl3-|-Cl2-> 2CCI4. 

In presence of oxygen, photosensitised oxidation 
occurs givmg phosgene. Possibly an mter- 
mediato radical CCIgOg la formed, but the 
kinetics do not permit of a complete formulation 
of the mechanism. 


Saturated hydrocarbons can be photo- 
chemically chlorinated in the gas phase or as 
liquids. Unless explosive reaction sets in 
through the use of too high a light intensity, 
chlorme atoms replace hydrogen atoms without 
the breaking of C-C hnks. The reactions have 
chain mechanisms, are very susceptible to the 
presence of oxygen, and give complex mixtures 
of products. No useful generalisations are avail- 
able. The production of chlormated derivatives 
of methane is very difficult to control; simul- 
taneous chlorination to all the products occurs. 
Toluene photo- chlormates m its side- chain, and 
fatty acids in the a-position. The use of boilmg 
liquids in the above chlormations, which are 
typical of certain organic preparations, is to in- 
crease the rate by drivmg off oxygen, which acts 
as an inhibitor by mterfermg with the inter- 
mediate chain processes. 

The simplest addition type of chlorination is 
that of tetrachloroethylene. The kinetics are : 


d[C2Cle]/d^=^(^V/)[Cl2l, 


differing from those of the chloroform reaction 
in that the chlorine appears as the first power. 
The quantum efficiency is high, and the follow- 
ing senes of stops provide a mechamsm : 


C2CI4+CI 

c^cu- 

CgCIg+Clg 


.2C2CI 




CgClg 

C2CI4+CI 

CgCIg+CI 

2C2CI4+CI2 


CXI 


10 


The chief product is hexachloroethane, but a few 
per cent of C4CI10 formed, presumably by 
combination of C gC 1 5 radicals. The assumption 
of other chain-ending processes as reaction (3) of 
Table V, or interaction of CgClg radicals and 
chlorine atonw, leads to a kinetic expression 
different from that found. In presence of 
oxygen the rate of photo-chlorination is greatly 
reduced and photosensitised oxidation of C2CI4 
to tnchloroacetyl chloride and phosgene occurs. 
The kinetic data do not permit the details of 
this reaction to be elucidated, but it is likely 
that the intermediate radical CgHgOg is formed. 
The lower chlorinated ethylenes are photo- 
chlorinated (by addition mechanism) according 
to a similar scheme to the above. The behaviour 
of ethylene is somewhat different , the kinetics 
indicate that chlorine disappears at a rate pro- 
portional to the first power of the absorbed light 
intensity and independent of other variables. 
The chain-ending process appears to be a re- 
action between ethylene and an intermediate 
atom or radical, instead of a bimolecular atom- 
radical reaction which in the other mstances 
gives rates dependent on the square root of the 
hght intensity. 

The photochemical bromination of saturated 
organic compounds is much slower than the 
corresponding chlorination, but quantitative 
details are lackmg. The brommation of un- 
saturated compounds is also imperfectly under- 
stood. Di- and tetra-chloroethylene, cinnamic 
acid, and stilbene have been examined. In the 
two first examples the kinetics vary with the 
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pressure and with the light intensity, and it 
appears that the product (C 2 H 2 Cl 2 Br 2 or 
CgCI^Brg) is never obtainable quantitatively 
since it is subject to decomposition by reaction 
with bromine atoms simultaneously with its 
formation. Oxygen exerts further complicating 
effects. The photobromination of cinnamic acid 
in carbon tetrachloride solution proceeds under 
ordinary conditions at a rate proportional to the 
square root of the hght absorbed and to the 
bromine concentration; the simple interpreta- 
tion of this result, however, is invalidated by the 
presence of dissolved atmospheric oxygon. 
When this is entirely excluded the photochemical 
rates are vastly increased, but their determina- 
tions are rendered exceedmgly difficult by a 
rapid thermal bromination which sets in when 
oxygen is absent. The presence of radicals con- 
sisting of one atom of bromine attached to the 
cinnamic acid molecule, and taking part m ex- 
tensive chain reactions, may be taken as 
reasonably certain. These may proceed to 
further brommation (the reaction 

ABr- 1 - Br 2 = ABrgd- Br 

being reversible (A=ethylenic compound)), or 
may give dimers of cinnamic acid as a by- 
product ( 2 ABr Ag+BPj), or in presence of 
oxygen may be oxidised in ways not yet under- 
stood. Another type of photo -reaction showing 
that even the formation of radicals such as A Br 
IS a reversible process is that of maleic and or 
ester with bromme. A small amount of sub- 
stitution to the dibromosuccimc compound is 
observed, but the chief change is that of the 
maleic compound to the fumaric. The inter- 
mediate radicals ABr must be capable of 
internal rotation to give the change to the geo- 
metne isomer, and must then largely lose the 
attached bromine atom by further reactions. 

The photo-reactions of iodine with organic 
compounds are relatively few. Saturated mole- 
cules are not affected. Addition occurs to cer- 
tain olefins, but iodine-sensitised decomposition 
of the products is marked. Ethylene iodide and 
iodine react photochemically to give ethylene 
and lodme, balancing the reverse reaction to give 
a photochemical “ stationary state.” The inter- 
mediate C 2 H 4 I must be assumed to react with 
iodine molecules by a reversible process and to 
dissociate reversibly. The chain-ending process 
of this reaction cannot be decided from the at 
present madequate experimental data. As with 
bromine, iodine photosensitises geometric- 
isomer transformations (e,g,, of allocmnamyli- 
dene acetic acid) through the transient inter- 
vention of radicals of type A I . 

Methane^ ethane, and other saturated hydro- 
carbons are transparent to all light except 
that of very short wave-length (<1,500 A.). 
In this region photochemical decomposition is 
observed giving exceedingly complex mixtures 
of products. There is little doubt that these 
arise by secondary reactions of radicals formed 
by the splitting off of hydrogen atoms from the 
original molecules. Ethylene, absorbing below 
1,700 a., gives polymers, methane, acetylene, 
and hy^ogen. Acetylene also polymerises be- 
low 2,160 A. The quantum yields of the above 
are of the order O-l-lO. Benzene is decomposed 


by ultra-violet light at about 2,000 a. to give 
phenyl radicals and hydrogen atoms ; at longer 
wave-lengths in presence of oxygen complex 
oxidation processes occur. Anthracene in solu- 
tion absorbs in the near ultra-violet region and 
polymerises to dianthracene; in carbon di- 
sulphide solution and in presence of oxygen a 
peroxide is formed. 

Organic halides undergo a primary photo- 
decomposition to alkyl radical and halogen 
atom; these take part in secondary reactions 
to give a variety of products which are in- 
creased in complexity by the presence of oxygon. 
In the case of methyl iodide the quantum yield 
is peculiarly low, evidently owing to recombina- 
tion processes, since the spectrum of the sub- 
stance indicates a pnmary process of photo- 
dissociation. 

Alcohols and ethers are very transparent to 
ultra-violet radiation and decompose only at 
short wave-lengths, the products being com- 
plex 

The photo-reactions of aldehydes and ketones 
have been much studied. The simpler mole- 
cules of this type have somewhat weak absorp- 
tion bands near 3,000 a ; the physical process 
of light absorption consists in an electron from 
one of the “ lone-pairs ” of the oxygen atom 
passing to an “ anti-bonding orbital ” between 
the carbon and oxygen. The spectra of the 
smaller molecules show sharp bands on the long- 
wave side which merge into diffuse or con- 
tinuous absorption further into the ultra-violet 
This evidence points to dissociation of the excited 
molecule at the shorter wave-lengths. The 
photochemical evidence indicates dissociation 
with a longer delay period in the longer-wave 
region as well. Formaldehyde decomposes by 
the initial process: HgCO-f/iv-^-H-fHCO 
below 2,750 a., hydrogen atoms being experi- 
mentally detectable in the system, but the 
(piantum efficiency of unity shows that the first 
products ultimately form the stable resultants 
Hg+CO without setting up chains (at tempera- 
tures below 110°c.). At longer wave-lengths the 
primary process seems to be : 

H2CO-j-liv H2~|"COi 

This process involves a longer delay, as shown 
by the sharpness of the hues of the absorp- 
tion spectrum. At high temperatures a chain 
mechanism occurs ; whether this arises from 
further reaction of the hydrogen atoms or from 
excited HoCO molecules is not known. 

Acetaldmyde (as vapour) gives chiefly methane 
and carbon monoxide as photo-products with a 
quantum efficiency somewhat loss than unity. 
At the shorter wave-lengths some hydrogen is 
formed, fewer methyl radicals are produced, and 
the carbon monoxide is formed at a higher 
quantum efficiency (approaching 1 ). Very in- 
tensive studies have been made of this photo- 
reaction ; the changes of quantum efficiency of 
carbon-monoxide formation under different ex- 
perimental conditions and the nature of the by- 
products have been examined. A polymer, 
formaldehyde, glyoxal, and diacetyl are formed 
in small amounts, the last substance giving 
rise to a fluorescence observed when light of 
wave-length 3,350-2,600 A. is used. It is pro- 
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visionally concluded that the main processes are 
at all wave-lengths : 

(а) CHgCHO+liv-^CHg+CHO. 

(б) CHg-fCHO ^CHg CHO. 

(c) CH 3 +CH 3 CH 0 ->CH 4 +CH 3 C 0 . 

(d) CHaCHO-fCHO-^CHgCO+Ha+CO. 

(e) CH3 CO+M ->CH3+CO-f M. 

(/) 2CH3 CO -> CH3 CO CO CH3. 

^CHOCHO. 

(g) 2CHO:: 

^CHgO+CO. 

The back reaction (6) is necessary to account for 
the quantum efl&ciencies bemg somewhat less 
than unity. Some primary formation of 
methane and carbon monoxide directly from 
excited acetaldehyde molecules may also occur 
At elevated temperatures the reaction entirely 
changes its kinetics and becomes a long- chain 
process proportional to the square root of the 
light absorbed. This seems to be due to reaction 
(e) being speeded up relatively more than the 
other reactions so that repeating steps are set up 
which are terminated chiefly by bimolecular 
collisions between the radicals (e reaction (6)). 

Higher aliphatic aldehydes appear to decom- 
pose by two primary processes : 

^R+CHO 

RCHO+li< 

^RCO+H 

The radicals further react in a variety of ways 
to give saturated and unsaturated hydrocarbons 
with more or fewer carbon atoms than in R ; 
the other main product is carbon monoxide 
Aldehydes with conjugated structures absorb at 
somewhat longer wave-lengths than the simple 
compounds, and appear much more stable to 
illummation , quantum yields of carbon mon- 
oxide formation are low. In the case of acralde- 
hyde, polymensation is the chief photo-change 
observed. 

Ketones (as vapour) dissociate in ultra-violet 
light to give radicals. Acetone gives as final pro- 
ducts chiefly ethane and carbon monoxide , 
some diacetyl is also formed. The quantum 
efficiency is less than unity at low temperatures, 
but rises to 1 either when iodine is added 
(whereby CH3 radicals are removed as CH3I) or 
at temperatures about 100°c. It is concluded 
that the primary chemical change is : 

CHg CO CHg-flly CH3+CH3 CO 

followed by a back reaction of the radicals to 
give acetone, further reaction of the radical 
CHg'CO to give either CH3 and carbon mon- 
oxide or diacetyl, and combination of CHo 
radicals to give ethane. The ethane and diacetyl 
formations are beheved to occur on the walls of 
the vessel. Methyl radicals can be shown to be 
present m the reacting system by the use of the 
metalhc mirror technique ; they cannot be 
assumed to give ethane by bimolecular collisions 
in the gas smee this reaction is comparatively 
slow at low temperatures. Higher ketones also 
photolyse to hydrocarbon and acyl radicals the 
subsequent decompositions of which lead to 
carbon monoxide, acetone, and mixtures of 


saturated and unsaturated hydrocarbons as final 
products. Cyclic ketones such as cyclohexanone 
give carbon monoxide and other products follow- 
ing from the consequent rupture of the ring. 

^ce^OTie m the liquid state gives no gaseous 
products on exposure to ultra-violet light. This 
has been explained as a “ cage ” effect due to 
surrounding molecules. A molecule, after ab- 
sorbing a quantum, dissociates into radicals, 
but these are hemmed in by the liquid structure 
and forced to colhdo again many times before 
they have a chance to separate. They thus have 
a good chance of recombming to form the original 
molecule and to nullify the photo-change. 

Solutions of sugars decompose in ultra-violet 
light to give carbon monoxide, carbon dioxide, 
methane, hydrogen and other products. These 
complex changes have not been elucidated 

Fatty acids have structureless spectra at 
shorter wave-lengths than the corresponding 
aldehydes. On photolysis carbon dioxide is 
formed, together with hydrocarbons and other 
products. No intelligible data exist for the 
photo-decomposition of esters. 

The complex oxalates, citrates, tartrates, etc., of 
iron (ferric), cobalt (-ic), manganese (-ic), and 
uranium (uranyl) are photosensitive in the near 
ultra-violet and short-wave visible region. The 
reaction of the first three causes carbon-dioxide 
evolution, reduction of the metal to a lower 
oxidation state, and oxidation of the acid 
residue ; uranyl oxalate, however, gives carbon 
monoxide and dioxide without much reduction 
to uranous ion. Ammonium ferri-oxalate or 
citrate is used for “ blue prints ” ; the action 
of light gives ferrous ion, which combines with 
potassium femcyanide to give Turnbuirs blue 
Solutions of tons of metals m higher valency 
states are usually photosensitive, but the photo - 
change is sometimes masked by rapid re- 
oxidation processes ; in alcoholic or ether solu- 
tions salts such as ferric chloride are reduced by 
light with oxidation or chlorination of the sol- 
vent. 

Organic nitro-compounds give complex photo - 
products in ultra-violet light. Conjugated nitro- 
compounds are relatively stable to light {e.g , 
nitrobenzene), but lengthy exposure gives a 
variety of products for which no simple mechan- 
ism can be given. o-Nitrohenzaldehyde changes 
in light to o-nitrosobenzoic acid ; its isomers do 
not undergo a similar reaction. Nitroso-com- 
pounds in the unimolecular form absorb red 
light and decompose in a fairly simple manner 
with ehmmation of hypomtrous acid. 

Ammonia shows a series of diffuse bands 
around 1,900 A., indicating a predissociation 
process : 

NH3*-> NHa+H. 

The alternative dissociation to NH and Hg 
seems excluded because hquid ammonia does 
not decompose photochemically, a behaviour 
which may be interpreted as a back recombina- 
tion of N and H caused by the “ cage eftect ” 
of the surrounding hquid in preventmg their 
ready escape. The presence of hydrogen atoms 
is also demonstrable by the para -> ortho 
hydrogen reaction. The ultimate products of 
ammonia photolysis are nitrogen, hydrogen, and 
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some hydrazine, the quantum efficiency being 
about 0 25 and varymg somewhat with the 
conditions. The exact mechanism still remains 
to bo settled; it has not yet been decided 
whether the hydrazine formation takes part m 
the main decomposition or whether it is a side 
reaction. It seems probable that wall effects 
which have not been correctly taken mto 
account explain some of the divergencies of 
view on this photo-change. 

Aliphatic amines photolyso by a primary dis- 
sociation of a hydrogen atom from the NHg 
group. The further changes of these give com- 
plex products. 

Many oxides of non-metals are decomposed 
photochemically. Carbon dioxide gives CO 4-0 
at wave-lengths shorter than 1,690 a. Nitrous 
oxide gives nitrogen, oxygen, and nitric oxide 
beyond 1,850 A., probably by two primary pro- 
cesses givmg Ng+O and N04-N . The photo- 
(lecomposition of nitrogen dioxide has interesting 
features. In the blue and violet regions the 
absorption spectrum is sharp, the gas is fluores- 
cent at low pressures, and the quantum efficiency 
of decomposition is low. At about 3,700 A. the 
spectrum becomes diffuse (at higher pressures), 
fluorescence ceases, and the quantum efficiency 
of decomposition rises to nearly 2. At shorter 
wave-lengths the reaction is one of induced pre- 
dissociation : 


N02+lir-> NO+O 

followed by : 

04-N02-> NO 4 -O 2 . 

Chlorine monoxide shows a continuous spectrum 
and photodissociates • 

Cl204-liv->Cl4-CI0 

followed by : 

CI 2 O 4 -CI ->Cl24-CIO. 

Chlorine dioxide decomposes by predissocia- 
tion, giving chlorine atoms, oxygen, CIO, and 
oxygen atoms. The final products of decom- 
position of both these oxides are complex ; the 
former gives chiefly chlorine, oxygen, and some 
CIO 2 and ClgOg, and the latter gives large 
yields of ClgOg. The quantum yields range 
from about 2 to 10. 

In presence of reducing agents dichromates in 
solution are photochemically sensitive to blue, 
violet, or ultra-violet light. Mixtures of sodium 
dichromate and gelatine* or other colloids are 
used in various photo -reproductive processes in 
industry. Under the influence of light the 
colloid IS oxidised by the dichromate and 
rendered insoluble in warm water. The mechan- 
ism of the change is very imperfectly under- 
stood. A simpler system is aqueous dichromate 
and an aliphatic primary alcohol. The alcohol 
is oxidised to aldehyde with an efficiency 
approaching three molecules of alcohol per 
quantum under the optimum conditions of con- 
centration; usually the efficiency is less for the 
reasons below. At low alcohol concentrations 
the rate of oxidation is low, presumably because 
the dichromate is deactivated before colliding 
with an alcohol molecule. At high alcohol con- 
centrations (>80% by volume) a precipitate of 


basic chromium sulphate is formed which re- 
duces the light absorption by scattering. In 
neutral solutions a brown precipitate of 
chromium chromate forms; this is prevented 
by the addition of acid. In alkahne solutions 
the oxidation does not occur, the CrOr”“ ion 
being mactive photochemically. The best con- 
ditions are: alcohol, 70-80% by volume, di- 
chromate, O’In., with sufficient acid to prevent 
the solution becoming alkaline during reaction ; 
the chromium is then all reduced to the tervalont 
form m solution after sufficient exposure to the 
hght. As the constituent 10 ns of dichromate 
solutions are rather uncertain (t.e., whether 
Cr 207 ~‘ or HCrOD the representation of the 
photo-change by equations is scarcely possible , 
it IS fairly certam, however, that the process is 
one of successive steps m which the chromium 
passes by intermediate valencies from six to 
three. 

The absorption of light by double-bonded 
organic substances causes an electron to pass mto 
an “ anti-bonding orbital ** of the double bond, 
and thereby to lower its resistance to rotation. 
Cis-trans changes are facilitated in this way 
The reactions are normally carried out m solu- 
tion. The changes occur with quantum effi- 
ciencies about 0 05 to 0 5, and are complicated 
by several effects such as photolysis and side 
reactions. Both isomers absorb hght, but in 
different proportions at different wave-lengths, 
and photo-stationary states are usually set up 
where the cis trans rate balances the reverse 
change, the equilibrium point varymg with 
the wave-length. Such photo-stationary states 
are given by the systems : maleio-fumaric 
acids ; citraconicr-mesaconic acids ; cinnamic- 
mocinnamic acids ^ and numerous other ethylene 
derivatives when exposed to ultra-violet light 
at about 3,000 a. Azobenzene (trans) in solution 
is photochemically converted by blue light 
largely into the cis form. Benz-anti-aldoxime 
changes photochemically to the ^yn-form. In 
the solid state, presumably because the crystal 
structure prevents rotation but facilitates di- 
merisation, many ethylenic compounds give 
denvatives of ct/c^obutano, c gr., cinnamylidene 
malonio acid, in the blue region, gives : 


COOH\ 

cooh/ 


CsHs— CH— CH—CH =C 
C=CH— CH— CH— CoHe 


/COOH 

^COOH 


Similarly, crystalline cinnamic acid dimerises, 
with the peculianty of giving a-truxilhc acid 
under normal conditions and the isomer of this 
product, j3-truxinic acid, if it has recently been 
precipitated rapidly from solution, probably due 
to its existence in a different crystalline form in 
the latter case. 

The subject of photo-oxidation is one of very 
great importance but of extreme difficulty of 
interpretation, and much remains to be studied. 
The photo-oxidation of aldehyde (gaseous or 
dissolved) by oxygen is a chain reaction with 
the kmetics: dxldt=(k'^ I)[A], the rate being 
proportional to the square root of the light 
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intensity, directly as the aldehyde concentra- 
tion, and independent of the oxygen concentra- 
tion. (Independence of oxygen concentration 
18 a common and usually puzzling feature of 
oxidations ) The mechanism appears to be : 

CHg CHO+hv CH3+CHO 
CH3 CHO+CH3 >> CH4+CH3 CO 
CHg CO+O2 -> CH3 CO O2 
CH3CHO+CH3CO 

CH3COOOH+CH3CO 
2CH3 CO O2-V CH3 CO O O CO CH3+O2. 

This accounts for the kinetics and for the two 
observed products, peracetic acid and diacetyl 
peroxide. In presence of alcohol the chains are 
inhibited and the rate becomes directly propor- 
tional to the light intensity, probably through 
the replacement of the last {chain-endmg) 
leaction by : 

CH3 C0 02+CH3 CH2-0H 

non-cham-produemg products. 


The photo-oxidation of ethylenic compounds 
by oxygen is technically important in the 
“ drying ** of oils, in the development of rancidity 
in fats, and in the deterioration of rubber m 
light The reaction proceeds by a chain 
mechanism of unknown nature, capable of in- 
hibition by suitable reduemg agents (often 
present in the impure substance itself), and 
followed by further slow thermal reactions givmg 
a number of products. Peroxides are detectable 
during the reaction; they apparently have a 
hydroperoxide structure m which the double 
bond 18 still present, e.gr,, cyc^ohexene gives : 



How the oxygon attacks the a-carbon atom 
when the double bond absorbs the light is un- 
known. The final products may bo aldehydes, 



Fig 4 


ketones, acids, ethylene oxides, polymerised and 
oxidised substances, and molecules derived by 
the complete rupture of the double bond. 

The photo -oxidation of aromatic hydrocarbons 
seems a somewhat simpler process than the 
foregoing, but nevertheless presents some 
puzzling features. In the first place, solutions 
of aromatic hydrocarbons are fluorescent, and 
the fluorescence is “ quenched ” by dissolved 
oxygen. In the following simple mechanism : 


R+hv 

R+hv' 


R^+R R+R 


or Rj 
R><-f02->ROa 


(R== hydrocar bon molecule) 
(Fluorescence of fraction x of 
activated molecules) 
(Spontaneous deactivation of 
fraction 1—x of activated 
molecules) 

(Colhsional deactivation with 
another R molecule) 
(Collisional deactivation with 
O 2 molecule) 


it can easily be shown that ; 

Fluorescence efficiency (F.E.) 

^xl(l+kJiR]+kJ[0^]) 

Quantum efficiency of oxidation (Q.E.) 

=^*2[Oal/(l+*i[R]+i2[0,l). 

In the case of the red hydrocarbon rubrene 
(6:6:1 l:12:-tetraphenylnaphthacene) in benzene 
solution, X IS practically unity, and at small 
rubrone concentrations the term ^^^[R] is small; 
consequently, on the above scheme ; 

F.E.=l/(l-fA:2[02l); 

F.E.4-Q.E.=1. 

If the above mechanism is correct, therefore, the 
plot of fluorescence quenchmg against oxygen 
concentration should give a curve which is the 
mirror image of the quantum-efficiency curve. 
Fig. 4 shows that for certain concentrations this 
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is nearly true. The product is a perfectly stable 
colourless peroxide of formula ROj (R= 
rubrene). This apparent simplicity of inter- 
pretation, however, is marred by the fact that 
at high rubrene concentrations the photo- 
oxidation observed is somewhat higher than 
expected, and at low rubrene concentrations it 
falls off too much. Other processes must be 
actmg simultaneously and complicating the 
reaction scheme, which cannot therefore bo said 
to be really understood. 

When exposed to long-wave ultra-violet light, 
solutions of anthracene deposit dianthraceno ; 
the dimerisation appears to bo fairly closely 
the mirror-image of the fluorescence quenching 
at high concentrations due to other anthracene 
molecules. In presence of oxygen photo-oxida- 
tion occurs, and from carbon disulphide solu- 
tions dianthraeone peroxide, believed to bo : 



is formed. (The peroxide of rubrene probably 
has a similar bridge structure ) In this instance, 
however, it has not been possible to reconcile the 
kinetics of the photo -oxidation with the quench- 
ing of the fluorescence by oxygen. This difii- 
culty IS even more marked with solutions of 
naphthalene. Dissolved oxygen quenches the 
fluorescence of this substance about ten times 
more strongly than it affects the fluorescence of 
rubrene or anthracene solutions, yet the amount 
of photo-oxidation which occurs is indetectably 
small. Hero the “ quenching complex ** ROg 
must almost entirely dissociate agam mto R+ Og 
without yielding an oxidation product. In the 
case of henzenCy photo-oxidation m ultra-violet 
light gives unidentified but obviously poly- 
merised oxidation products, possibly through the 
intermediate formation of 



In other examples, c g , 



which is photo-oxidised ultimately to the 
quinone, the high rate of the reaction seems to 
indicate a cham mechanism. 

The photochemistry of dyes viewed from the 
industrial standpoint is dealt with in a separate 
section. The fading of dyes in light is not a 
simple process, and may arise from oxidation 
(especially basic dyes), from reduction by inter- 
action with the fabric (especially direct dyes on 
cotton), or from photolysis of the dye molecule 
to colourless products. Fluorescent dyes are 
usually more photosensitive than non-fluorescent 


ones. This is because molecules of the former 
have “ half-lives ” of about 10~® second before 
they lose energy by radiation, and during this 
interval they may undergo chemical reactions 
by collision with other molecules; non-fluores- 
cent dyes lose their energy in a much shorter 
period by a process of internal deactivation (c/. 
Fig. 2) Reaction and fluoioscence in fluorescent 
dyes are alternative processes. An interesting 
example is a dilute solution of thiovine in 
presence of ferrous ions. The fluorescence of the 
dye 18 “ quenched ” by the ferrous ions, and a 
photo -change occurs resulting in the reduction 
of the dye to a colourless substance while the 
ferrous ions become ferric. The change reverses 
Itself in the dark: 

D+/iv' 

D'<+Fe++ -> D-+Fe+<-+ 
H+-fD”->- HD (semi- quinone) 

2HD-> HgD+D. 

Solutions of dyes and other coloured sub- 
stances in presence of dissolved oxygen may 
show fluorescence quenching, photo-oxidation, 
or photosensitisation. Basic dyes, as Uranine, 
are bleached in solution only when oxygen is 
present. In certain other cases, e p., solutions of 
rvbrenCy oxygen is taken up on exposure to 
light to give an oxidation product, but if a 
reducing agent (“ acceptor ”) is simultaneously 
present the oxygen is transferred to oxidise this 
and the light-absorbing substance remains largely 
unchanged (photosensitised oxidation). These 
processes are understandable qualitatively, but 
the details of behaviour of particular systems 
are sometimes complex. 

Orientation and Photochemistry. — 
When plane -polarised light falls on a molecule 
such as azobonzone the light is absorbed only 
when the electric vector is oriented to the mole- 
cule, m this case along the N = N bond. Conse- 
quently molecules oriented in erystals or on 
cellophane films, etc,, appear to show different 
photochemical sensitivities in plane-polarised 
light according to the direction of the electric 
vector. Similarly, if photo-active molecules are 
ngidly held at all orientations in a gel and are 
exposed to plane-polarised light, only those 
molecules suitably oriented to the electric vector 
will decompose, so that the system will become 
optically dichroic, % e., show different extinction 
coefficients to plane -polarised hght of different 
vector directions. 

Some commonly used photochemical terms not 
dealt with above are explamed below. 

Asymmetric Photosynthesis. — Circularly 
polaiised light is unequally absorbed by a mix- 
ture of two optical isomers, though the difference 
in absorption is very small. Illumination of a 
suitable racemic solution with circularly polarised 
light should theoretically decompose one form 
faster than the other and leave an excess of one 
optically active isomer. 

Beer-Lambert Law (v. Vol. VII, 176^).— 
or logio J,-logio7(=«c(J, 
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where /Q==incident intensity, transmitted 
intensity of light falling normally on a layer of 
isotropic substance of thickness d cm. and of a 
concentration c g.-mol. per 1 ; a and € are con- 
stants. € IS called the “ molar extinction 
coefficient.” 

Light absorbed=/„-/<= /o(l-10-«“*). This 
law IS valid strictly only tor monochromatic 
radiation and for very dilute gases or solutions 
In piactico ” monochiomatic lines ” are narrow 
bands of finite width, e vaiics with wave-length, 
and in systems where the \ariation is large over 
the narrowest wave-length interval usable m 
the experimental arrangement the light trans- 
mission will appear to deviate from the law 
(c g , absorption of mercury vapour at 2,537 5 a). 
The law may also appear to fail when applied 
to non-cubic crystals, owing to variations of € 
with direction (dichroism), when chemical 
change occurs (as the N 204 ^ 2 N 02 system; 
solutions of dyes which associate, dichromate ^ 
chromate in water), when line-broadening occurs 
through collisions in gases (e g., iodine vapour in 
presence of inert gases), and where solvent 
effects cause varying molecular distortions in 
regions of higher concentration. 

Grotthus-Draper Law Vol. VI, 137d). — 
Only light which is absorbed by a system is 
capable of producing chemical change. 

Half-life of Molecules. — The time taken 
for one-half of the active molecules in a system 
to die away after the souice of activation is 
removed. 

Induction Period. — A period at the begin- 
nmg of a photochemical reaction when nothing 
appears to happen, followed by the reaction 
accelerating to a “ normal ” rate It is due 
either to the photochemical destruction of some 
substance inhibiting the reaction, as by actmg 
as a chain suppressor or as an “ inner filter,” or 
to the production of some intermediate which 
catalyses the secondary reactions. 

Inner Filter. — If a photo-active substance 
is accompanied by another mert light-absorbmg 
substance the absorbed light is shared between 
the substances in the ratios : 

€iCi/€iCi-fc2C2 and egCg/ejCid-CgCg 

where the c’s and c’s are the extmction co- 
efficients and concentrations of the substances 
Inner-filter effect may be also intramolecular if 
more than one group absorbs the light and only 
one (energetically isolated from the others) is 
photo-active. 

Monochromator. — specially designed 
high-aperture (about /3) prism spectroscope with 
adjustable slit in the plane of the spectrum for 
the production of monochromatic visible or 
ultra-violet light. 

Morse Equation. — ^An empirical equation 
approximating to the curves of potential energy 
of a diatomic molecule as Fig. 1; Potential 
energy of vibration=Z)e“‘^®(^~^o)^2i)e“®^^"“^o^ 
where D is equal to the dissociation energy, a is 
proportional to the force -constant of the Imk, r 
the distance between the nuclei, and the 
distance when the nuclei are taken as having no 
vibrational energy. {8ec also Vol. VIII, 197a.) 


Pauli Exclusion Principle. — ^The principle 
that not more than two electrons can simul- 
taneously occupy one orbital, and if there are 
two, they must have opposite “ spm.” 

Photochemical Equivalence Law. — Alaw 
more honoured in the breach than in the ob- 
servance. Emstein first pointed out that since 
energy is absorbed by molecules in quanta a 
simple connection might bo expected between 
the number of quanta absorbed in a photo- 
chemical experiment and the number of mole- 
cules changed. The ratio (Molecules changed)/ 
(Quanta absorbed), called the quantum effi- 
ciency, should be unity on a naive application of 
the law This is true only if “ molecules 
changed ” refers to molecules physically acti- 
vated by the light, and is no more than a state- 
ment of the fundamental postulate of the 
quantum theory. The number of molecules 
actually chemically changed at the end of an 
experiment almost always differs greatly from 
the number of quanta absorbed owing to the 
effects of deactiviation, cham reactions, etc., 
which follow as secondaiy changes on the 
primary act of absorption. 

Photochemical Threshold. — A point in the 
spectrum where the quantum efficiency of a 
photochemical change rises from zero at the 
longer to finite values at the shorter wave- 
lengths. This should not be confused with the 
setting in of photochemical change at a par- 
ticular wave-length merely because the sub- 
stance begins to absorb there, a true “thres- 
hold ” should lie inside an absorption band. 
The energy corresponding to the “ threshold ” 
may sometimes bo related to probable mechan- 
isms of decomposition, e,g , liitrogon dioxide 
(gas) and chlorine dioxide (in carbon tetra- 
chloride solution) photo-decompositions. 

Photosensitisation .— The absorption of light 
by one coloured substance brmgmg about a 
photo-change m a non-absorbing substance 
simultaneously present, e g , bromine sensitised 
cis4rans change of maleic ester. A number of 
interesting photosensitised decompositions are 
produced by mercury atoms excited by 2,537*5 a 
and by cadmium atoms by 3,261 a Hydrogen 
18 caused to dissociate to atoms, and hydro- 
carbons to decompose to a variety of products. 
Metalhc hydrides are detectable spectro- 
scopically in the system ; possible reactions are : 

HgHH2->Hg+H-|-H 
Hg^4-H2-> HgH-fH 
Cd^+CgHe CdH+CaHfi, etc. 

The detailed processes of the secondary changes 
are still imperfectly understood, and show cer- 
tam peculiarities. For example propane with 
excited mercury atoms gives chiefly hydrogen 
and hexanes, while with excited cadmium atoms 
C — C scission occurs in addition giving some 
methane and propane. 

Photo-stationary State. — A state of 
dynamic equilibrium reached in a system ex- 
posed to light. It may refer to the reactants 
and final products or to reactants and some 
transient intermediate radical or atom. Several 
types are possible, depending on (a) the number 
of molecules concerned on each side of the 
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equilibrium, and (6) the number of ^pho to -active 
constituents of the system. Examples, 

SOg+Cla^SOgCIa 

(all molecules photo-active to varying degrees), 
Ha+Bpg 2HBr (bromine alone photo-active 
at longer wave-length ; hydrogen bromide at 
shorter). 

An important prmciple in deducing theoretical 
kmetics from proposed mechanisms is that the 
rate of formation of a transient must equal its 
rate of removal in any photo-reaction; e.^., in 
the hydrogen-bromine reaction, supposmg the 
stages to be 

1. -> Br-f Br. Rate AjjJ 

2. Br+Br+M -> Brg+M. „ A;2[Br]2[M] 

3 H 2 +Br-> HBr+H. „ A; 3 [H 2 ][Br] 

4. H i-Br 2 -> HBr+Br. „ A; 4 [H][Br 2 ] 

and assuming that reactions (3) and (4) are slow 
compared with (2), we have for the bromme 
atoms ; 

smce (3) and (4) are small, 

whence 

and for the hydrogen atoms : 

^^3[H2][Br]=fe4[H][Br2] 

The rate of hydrogen bromide formation is then : 

’^3[Hj]LBr]=*,[H][Br2]=2i3[HJBr] 

=2fc3LH3]{^37/fc3[M]}i/a 

in agreement with the experimental kinetics 
(M =any molecule m the system.) 

Phototropy. — Certam organic substances, 
e g,f benzaldehyde phenylhydrazone, darken or 
change colour when exposed to light without any 
detectable production of a new substance or 
change of crystalhne form. The reverse re- 
action occurs in the dark. The reason is still 
obscure. 

Photo-dichroism. — If a film containing a 
photo-active substance, e.g , some silver chloride 
preparations, some elements of which are sensi- 
tive to red light, some to green, and some to 
blue, be exposed to red hght, only those elements 
absorbmg red will be affected, so that the result- 
ing product will be coloured when viewed in 
white light. The effect is made easier to in- 
vestigate by the use of coloured plane-polarised 
light. This is chiefly absorbed by those mole- 
cules which are correctly oriented to the electric 
vector of the incident hght, and these only are 
photochemically affected. The result is that 
the film colours and partially polarises a beam 
of unpolarised white light in which it may after- 
wards be viewed 

Third Body. — When two atoms X collide 
they cannot normally form a molecule Xg, smcc 
aU their kinetic energy is converted into internal 
energy of Xg which must be quantised and will 
scarcely ever “ fit ” any arbitrary colhsional 
energies. If a third molecule is present, 

X+X-i-M ->X2+M 

any excess energy can be carried away by the 
kmetic energy of separation of X 2 and M. The 
prmciple must also apply to the reverse reaction 
of X 2 dissociating by a thermal reaction. 
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I The light-sensitive material (p 645c). 

II The action of light ip 555c). 

III The development of the latent image ip 559d). 

IV The fixation and permanence of photographs 

(p 563d) 

V The quantitative response of photographic material 
to light (p 566a) 

VI The reproduction of photographs (p 670d) 

VII The recording and reproduction of colour (p. 575d) 

INTRODUCTION. 

The growth of photography as a large in- 
dustry, and its spread year by year into new 
fields of usefulness, is undoubtedly due to its 
close relation to vision. In some directions 111 
recent years its property of light sensitiveness, 
which caused most amazement in the early days 
of the art a hundred years ago, has declined in 
importance with the advent of new electronic 
devices, but photography still remains supreme 
m the recording of images, where the whole 
significance of a pattern of light and shadow 
depends on their spatial relations as well as their 
intensities The photographic -materials manu- 
facturer, therefore, has only half completed his 
work wlien ho has made a light-sensitive pro- 
duct ; he has further to spread it uniformly over 
immense areas of various typos of support, 
because— apart from certain apphcations where 
the spreading is more conveniently done im- 
mediately before use at a customer’s works — his 
light-sensitive product has no usefulness until it 
is put m this form whore it can register the point 
to point variations of light and shade in an 
imago, yielding a photograph in which the 
significance lies as much m the spatial relations 
between the elementary patches of photographic 
density as in their value. 

Nevertheless, both in the historical develop- 
ment of the art and m modern large-scale manu- 
facture, the preparation of the hght -sensitive 
“ emulsion ” and its subsequent coating on to 
various supports are distinct operations, the 
reqmrements of the first, indeed, takmg pre- 
cedence over those of the second, so that the 
very design of coating machinery is dictated by 
the physical and chemical properties of the light- 
sensitive emulsion, which cannot be radically 
altered without destroymg its desired response 
to light. 

The nature of imago reproduction requires 
only that the light -sensitive layer shall respond 
progressively to the hght incident on any point 
and that each element of surface remains fixed 
lelative to the other elements of the surface and 
responds to the hght independently of other 
elements. Quito a number of distinct photo- 
graphic processes have therefore been proposed, 
and some of them still enjoy a hmited com- 
mercial use, but because of the relation of 
photography to vision, only those processes 
most capable of recordmg what the eye can see 
have survived for camera use, which in practice 
means that they are confined solely to processes 
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based on the light sensitiveness of the silver 
hahdes, suspended m a gelatin medium. 

While the bulk of all photographic materials 
made is used for the straightforward recording 
of visible things, the photographic material 
capable of this has properties, some necessarily, 
others as a consequence of its chemical make-up, 
which render it useful in many directions in 
industry and science for the recording or demon- 
stration of mvisible things. In the first class 
may be put both high-speed photography, 
where by the application of sufficient light to the 
object photographed records are obtained m an 
interval of time so small that any motion of the 
object IS “ frozen,” and detail made plain which 
the eye cannot see ; and its converse, where by 
sufficiently long exposures the light from objects 
so dim as to be invisible to the eye is integrated 
by the sensitive layer to yield a vibible image. 
Similarly in aerial photography and in metallo- 
graphy, although the image photographed is in 
most cases entiiely visible, it is either so fleeting, 
or so inconvenient to retain wlnle the wealth of 
information that it contains is exti acted, that 
the photographic record is indispensable. In 
miniature fluorography the photography is 
essential for the same reason : to provide a 
record, to be studied at leisure, of a visible but 
fleeting image. In the second class may be put 
the power of the jihotographio plate, either by 
its inherent sensitivity or by a sensitivity 
deliberately added by special chemical treat- 
ment, to recoid cxtra-spcctial invisible radiation 
Its power to record variations from point to 
point in the strength of X-rays is in daily use, 
both in industry and medicine. In the ultia- 
violet, the plate can record by reason of its 
natural sensitivity up to a limit of A =200 mp , 
above which wave-length the radiation is 
absorbed by the gelatin. Plates sensitised by 
the addition of a fluorescent compound and 
plates specially made with a minimum of gelatin 
can record to the limit set by the absorption of 
water (in the vacuum spectrograph). At the 
other end of the spectrum recent years have seen 
successive extensions of the practical limit of 
records of the infra-red spcctium, until to-day 
we approach the point where the addition of 
sensitiMty to still longer wave-lengths w'ould 
eauso the plate to bo fogged by the thermal 
radiation from the plate and its wrappings at 
room temperature even if sensitising dyes 
sufficiently stable could bo found. Within the 
visible spectrum, photographic materials may be 
selected wuth a maximum of sensitivity in the 
region that it is desired to record, so that with 
suitable light sources photographs may bo 
obtained by monochromatic fight (e g., as in 
spectroholiography ) . 

As a scientific instrument the photographic 
material is used as a recorder of position, and as 
a recorder of intensity. In science both func- 
tions are refined and made quantitative to the 
degree of precision necessary to give the infor- 
mation sought. The first function alone is 
involved in the more usual applications of 
recording materials, where some other scientific 
quantity, such as pressure or current, is trans- 
lated into terms of length by a scientific instru- 
ment, and its pointer readings merely trans- 


ferred to the photographic material, which for 
special reasons happens to be the most con- 
venient medium to record them. The much 
used variable-area system of sound recordmg is 
a case m point. Other scientific applications of 
this function of the photographic plate wnll 
occur to the mind in astronomy, where it started 
a new epoch, in surveymg (photogrammetry), 
and in the more simple appfications of quali- 
tative speetrochemical analysis, cloud cham- 
ber photography, and X-ray crystallography. 
Similaily, in document copying and in meter and 
instrument dial recording the only necessity is 
that the record should be legible ; it is irrelevant 
whether the tones of the origmal are reproduced 
or not. ^Esthetic considerations, or the need 
of familiar representation for popular use (e.^., 
race finish records), may require tfiat they should 
be approximately true, but the essential infor- 
mation IS available on the photograph indepen- 
dently of this. It IS theiefore almost solely in 
this field that the non -silver photographic 
processes have obtained a footing, particularly 
in the drawing office and engineering workshop, 
w'hcrc legibility of the working drawings is all 
that is needed. The drawmg-offico processes are 
limited in their power of rendering fine grada- 
tions of tone, and this, quite as much as their 
comparative low speed, fias kept them to this 
use. 

As a recorder of position, photography accom- 
modates all degrees of precision from the snap- 
shot of landscape, whore quite large distortions 
produced by a cheap lens are tolerated without 
remark, through photo-surveying where the pre- 
cision IS high but can tolerate slight distortions 
of film support which are corrected by calcu- 
lation, to the astronomical star chart where 
profound consequences may hang on a displace- 
ment of a few microns. For the highest pre- 
cision iigid supports of glass or metal are in- 
variably used, and further precautions have to 
bo adopted to minimise distortions due to the 
colloid nature of the sensitive coatmg; e.gr., 
avoidance of the edges of the plate, prefiminary 
“ annealmg ” to refievo strains by soaking and 
redrymg, choice of developer to avoid image- 
wise tanning (wffiich results in distortions due to 
the more rapid drying of the tanned and less 
swollen regions), and vigorous agitation of the 
developer to mmimise apparent displacements 
of images due to an unsymmetiical distribution 
of the soluble products of the development 
reaction. The need for these precautions is 
much reduced by the common modem practice 
of impressing a gnd, say of squares of 5 mm. side, 
over the whole plate at the time of exposure. 
All measurements on the plate are referred to the 
grid lines, so that local distortions of the plate 
affect both equally and cancel out. The use of 
photographically impressed axes of co-ordinates 
and scales, or of other fiducial fines, is common 
in most other applications of photography to the 
recording of position, and has opened the field 
to photographic materials on dimensionally un- 
stable flexible film and paper. 

Duo appreciation of the reasons for the pre- 
cautions to be adopted in the use of photo- 
graphy for the measurement of radiation follows 
on a knowledge of the mechanism of the action 
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of light recounted in Section II. Suffice it 
to say here that the photographic plate is 
never used in precise work except as a null 
instrument, to determine when two streams of 
radiation are equal in intensity. Thus in absorp- 
tion spectroscopy a comparison spectrum of the 
source is impressed* repeatedly on the plate 
through a rapidly rotating sector wheel so that a 
series of spectra of known and decreasing in- 
tensity IS recorded. Alongside each the spectrum 
of the light which has passed through the sample 
IS recorded, for the same average exposure time. 
On the developed plate the match points of each 
pair aie marked, and if the intensity scale of the 
senes of comparison spectra has been correctly 
chosen, these give when joined the absorption 
curve of the sample. The conditions fulfilled in 
this example are a model for all other appli- 
cations of photography to photometry, although 
useful, if less reliable, results can be obtained 
when one or more of them is neglected. First, 
the optical densities matched are in contiguous 
areas of the plate. This ensures that local small 
variations in the sensitivity of the plate, or in 
the degree of development, apply equally to both 
patches. Secondly, only regions whore the 
patches are of equal density, and which have 
had the same time of exposure, are significant 
This does away with the errors duo to reciprocity 
failure (v. infra. Section II). For this to be 
true, however, it is essential that the sector 
wheel should interrupt the light of the com- 
parison spectra at such a high rate that each 
gram of the plate receives on the average not 
more than one quantum of radiatiQn in each 
flash. The dark periods suffered by any in- 
dividual grain are then statistically identical 
with the dark periods (between incident quanta) 
suffered by a similar gram bathed in the weaker 
continuous light from the other spectrum. For 
a one-second exposure, the minimum frequency 
of interruption is of the order of 100 times a 
second. Thiidly, the patches to be compared 
have been produced by radiation of identical 
spectral quality. If this condition is neglected, 
the equality of two beams of radiation estab- 
lished photographically may have no relation to 
visual judgments of equality of the same two 
colouis, equality indeed in each case being de- 
fined by the physiological and physico-chemical 
properties of the respective systems. By suit- 
able choice of plate and light filters the overall 
spectral sensitivity of the photographic system 
may be brought into approximate equivalence 
with that of the eye, when all colours which 
appear identical in brightness, hue, and satura- 
tion will register the same. The precision with 
which this may be done, however, is not high. 
Heterochromatic photographic photometry is 
therefore rarely employed except when the plate 
IS calibrated ad hoc in terms of the energy of the 
radiation under investigation. Such methods of 
empirical calibration, while less precise and 
requiring more experimental care, nevertheless 
have a wide field of usefulness, from stellar 
photometry to the plotting of equiluminous zones 
in comparing street lighting installations. The 
significance and magnitude of the effects of 
changes in the conditions can be judged only 
with a knowledge of the properties of the photo- 
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graphic material and its quantitative response 
to light which form part of the science of photo- 
graphy described below m Sections II, III, and 

V. 

I. THE LIGHT-SENSITIVE MATERIAL. 

The modern user of photography, with rare 
exceptions (as in the photomechanical trade), 
buys his photographic material ready for ex- 
posure, whether it be in the form of glass plate, 
flexible film, or sensitised paper. It is packed 
in various ways to suit his convenience, as for 
instance in a manner allowing of daylight load- 
ing, and otherwise to ensure protection of the 
product for a reasonable storage period. Ho 
loads his camera and makes his exposures, which 
may be exceedingly brief (eg , 0 001 second). 
The action of light is not sufficient to yield a 
visible change, but an image may be developed 
on the material by one chemical treatment, and 
the image fixed by removal of the unexposed and 
unchanged light-sensitive substance in another. 
The image so obtained is usually a negative, m 
which the tones of the original scene are reversed, 
the dark parts appearing bright and the bright 
parts dark. Positive jffiotographs are obtained 
by exposing the negative to light in contact with 
further photographic material, e.g , paper, whoso 
reaction to light is similar to that of the negative 
material. This reverses the tones once more, 
yielding a reproduction of the scene. The 
original colours do not appear in an ordinary 
photograph, being represented m monochrome. 

The sensitive material, if examined in light 
before processing, is found to boar a sensitive 
emulsion which may bo creamy white, pink or 
grey in colour, and which can bo scratched with 
the finger nail. It is a suspension of minute 
crystals of silver halide in gelatin, coated evenly 
on a suitable transparent or opaque support to 
yield a dry layer from 4 /lc. to 30^. in thickness, 
depending on the particular material. The 
crystals may be dyed to render them sensitive to 
coloured hght, and it is this which gives the 
sensitive layer an overall hue distinct from the 
cream or white of the undyed silver halide. 
Other agents may be present to harden the layer, 
to facilitate spreading, and to improve keeping 
qualities. Those will be dealt with in duo course. 
But its essential light-sensitive property, to the 
preservation or enhancement of which all the 
manufacturing techniques are directed, resides 
m the silver halide. The manufacture and 
properties of silver halide emulsions (as the 
crystal suspension is called, whether m the liquid, 
gel, or dried form) will therefore be described 
first. 

The Silver Halide Emulsion. 

In a first consideration of the action of light 
on photographic materials the most elementary 
particle that it is needful to study is the single 
silver halide gram. Each minute crystal m the 
emulsion responds as a whole. It is either 
reduced in the developer, or not at all, when it 
IS removed in the fixing bath. The difference 
between a light tone and a dark tone on the 
same photograph is merely a difference in the 
number of grams reduced per unit area. The 
emulsion maker therefore provides in the silver 
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halide grains not only the elementary light- 
sensitive particles but indirectly the pigment of 
the finished photographs. The art indeed 
largely consists in effecting a suitable balance 
between the requirements of these distinct func- 
tions. The balance, moreover, is tipped in 
opposite directions for negative and for positive 
materials. For the first, light sensitivity is 
paramount ; for the second, speed can be 
sacrificed to satisfy other requirements of image 
colour, gradation, and ease of handlmg. 

Negative Emulsions. — In the preparation 
of emulsions of high speed, the aim is to produce 
a suspension of grams whi(‘h are individually of 
high sensitivity and which each contribute to the 
developed image as much light-stopping power 
as 18 consistent with the resolving power and 
smoothness of tone required of the raateiial in 
use. Research and cxpeiicnco extending over a 
period of sixty years hav e led to a basic under- 
standing of the successive steps necessary to 
achieve these aims, although the best detail 
means of effecting them remain the manufac- 
turing secrets of commercial production . Broadly 
there are three stages • (a) emulsification and 
ripening, ( 6 ) remo\al of soluble salts, and (c) 
digestion (alter-iipcning) In the first, the silver 
halide is jirecipitated in gelatin in darkness and 
the chemical nature of the grains and the gram- 
size distribution fixed. In the second, the 
soluble salts pioduced by the precipitation 
reaction are leinovcd. In the third, the emul- 
sion gains speed and contrast by the leaction of 
sensitisers, contained in or added to the gelatin, 
with the grains. Fuither stages, m which the 
emulsion is sensitised for colour and “ doctors ” 
added to prepare it for coating, may be added to 
the account. 

Emulsification and Ripening . — Negative emul- 
sions are prepaicd by precipitation of mixed 
crystals ot silver lodobronude containing up to 
10 % of silver iodide, gelatin being present in the 
solution throughout The precipitate is then 
ripened in the presence of a solvent for the silver 
halide, during which the large grams grow at the 
expense of the smallei by Ostwald ripening, 
and small grams coalesce and recrystallise, this 
process being controlled by the emulsion maker 
to give the grain-size distribution required. For 
the precipitation, solutions are prepared con- 
taining 10 % or slightly more respectively of the 
soluble halide (e g , potassium bromide and 
iodide) and sihcr nitrate, and gelatin is added 
to the halide solution to the extent of from 
1 - 6 %. Although this gelatin remams through- 
out and IS one constituent of the finished emul- 
sion, it 18 only a small proportion of the total 
final gelatin, and is selected for its protective 
colloid action during precipitation, leaving to 
further gelatm added at the digestion stage all 
consideration of contained (impurity) sensitisers 
The halide present is always in excess of the 
stoichiometnc quantity required to react with 
the silver. In “ neutral ” emulsions this excess 
may be considerable, as it functions as a silver 
halide solvent during ripening. In “ ammonia ” 
emulsions it may be small, the function of silver 
hahde solvent being taken by ammonia, usually 
either added as such to the halide solution or 
added to the silver solution in such quantity as 


just to redissolve the silver oxide first formed. 
On mixture with the bromide it is disengaged 
from the complex ion and becomes available to 
assist npenmg The silver solution is added to 
the bromide solution under accurately controlled 
conditions of temperature and rate, the bromide 
solution bemg vigorously stirred throughout. 
The first action in the precipitation, which is 
profoundly affected by the presence of gelatm, 
18 the formation of sub-microscopic nuclei from 
the momentary high supersaturation produced 
at the point of mixture These continue to 
grow throughout the precipitation stage. In 
the second stage, the mixed emulsion, to which 
all the silver has now been added, is held at a 
temperature not exceeding 50 °c. for “ ammonia ” 
emulsions, but which may be as high as TO^'c. or 
even 90 °c. for “ neutral ” emulsions, until the 
required gram-size distribution is achie\ed. 

In commercial production, the precipitation 
and ripening stages may not be so clearly 
delimited as m the above outline By slowing 
up the rate of addition of the silver, both pro- 
cesses go on concuirently, so that by the time 
all the silver is added, it is possible for ripening 
to be complete. Nevertheless, it is possible 
within limits to reach the same end either by 
slow addition of the silver, so that the rate of 
production of nuclei is low, duo to a low degree ot 
supersaturation, resulting m largo crystals grow- 
ing on the limited number of nuclei, or by 
ripening of a fine grained precipitate m the 
presence of excess potassium bromide or 
ammonia. 

Each particle as it grows is surrounded by an 
electrostatic double layer w^hich consists of 
imperfectly oriented ions of the solid plus ions 
of the solubilising potassium bromide, these ions 
being more or less hydrated, accoiding as they 
are less or more completely oriented m the 
crystal lattice The hydration consists of an 
atmosphere of water dipoles, which aio more or 
less numerous according as the potential electric 
moment of the ion is not taken up by its attrac- 
tion and fixation m the crystal lattice During 
Ostwald ripening the double layers surrounding 
the larger growing particle and the smaller dis- 
solving particle are not ruptured, the effect 
bemg in prmciple a transfer of water from tbe 
larger to the smaller particle, the energy deriving 
from the surface energy released as the total 
surface of the system becomes smaller. Such 
particles therefore, when brought into collision 
by the accidents of Brownian movement, do not 
coalesce Nevertheless, for a number of col- 
lisions, the double layer surrounding each 
particle is similar with respect to the hydration 
of the ions, so that it is ruptured and one double 
layer is formed surrounding both particles. In- 
side this, molecular orientation sets m and as 
there is the normal tendency to decrease the 
surface the particles may coalesce and recrystal- 
hse as one crystal. The gelatin, by blocking 
rapidly growing faces by an adsorbed layer, and 
by the mfluence of its internal structure, gives 
uniformity of growth to the grams and dis- 
courages the large dentritic forms. Each grain 
of the emulsion retains an adsorbed layer of 
potassium bromide, m which th^ bromide ions 
are attached to the crystal lattice, while the 
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potassium and other counter ions cannot enter 
it. These therefore cling diffusely round the 
crystal at the other side of an electrical double 
layer, and arc displaceable by other ions of the 
same sign As will appear presently, this 
electrical double layer is of importance m the 
theory of development, and even physically has 
important effects in the newly precipitated 
emulsion, preventing flocculation. The firmly 
hold bromide ions give each crystal an electric 
charge, so that it repels similar crystals (peptisa- 
tion). Silver halide precipitates prepared m the 
presence of an excess of silver nitrate have 
similarly a firmly held layer of silver ions, and 
are of opposite sign to these prepared in presence 
of excess potassium bromide A mixture of the 
two precipitates therefore flocculates. Follow- 
ing Fajans and Frankenburger, the silver 
bromide prepared with adsorbed silver ion is 
known as the silver body, that prepared with 
adsorbed bromide, ion as the bromide body 
The bromide body alone can bo used in photo- 
graphic emulsions for development Precipi- 
tates of opposite sign arc reduced immediately 
by the developer without exposure to light and 
are also very rapidly discoloured by the action 
of light direct. Silver-body precipitates (usually 
of silver chloiide and citrate) are therefore used 
m printing -out papers, in which a visible image 
IS produced by the continued action of light, and 
then toned and fixed without development. 

The Gram and Gram-size Distribution , — Under 
the high-powor microscope the grains of a 
negative emulsion are found to be well-defined 
crystals of diameters ranging from the limit 
of resolution to some 3/i. They generally 
belong to the octahedral class of the regular 
system although cubic forms are found. The 
actual shape of the crystal can vary enormously, 
depending on whether growth has taken place 
in one, two, or three dimensions. The first gives 
needles, the second plates, and the third prisms 
All these variations may be considered to be 
derived from a regular octahedron by differential 
growth of the faces The octahedral faces have 
all their exposed ions of the same sign, and 
therefore exert powerful electrical attraction on 
dissolved ions of opposite sign. It is supposed 
that the adsorption of such ions slows down 
their rate of growth normal to the face, with the 
consequence that the fast-growmg cubic faces 
contract to a point or lino. The plates which 
occur in such largo numbers are oriented by the 
forces operating during the drying of the coated 
emulsion to lie predominantly with their planes 
parallel to that of the support, and consequently 
present the largest possible target to the incident 
hght. 

While all the considerations of this paragraph 
are subject to large qualifications which will 
appear iii duo course below, it is possible to dis- 
cern on a theoretical basis the mam effects of 
grain size and grain-size distribution on the 
photographic properties of the finished photo- 
graphic matenal. These quantities are fixed at 
the ripening stage ; the subsequent processes of 
washmg, digestion, coating, and keepmg do not 
disturb them significantly. Once ripemng is 
stopped by washing, therefore, the possible 
photographic properties of the finished photo- 


graphic emulsion are restricted. Thus we should 
expect that the fastest emulsions are those in 
which mean grain size is large. Whatever be 
the mechanism of the action of light, a largo 
gram when reduced contributes more opacity 
to the photographic image than a small one, and 
it 18 difficult to believe that it requires pro- 
portionately more light. Similarly, provided 
that the number of quanta required to make a 
gram developable is not small, it would bo 
expected that an emulsion in which all the grams 
were identical would have a high contrast. A 
certain exposure just insufficient to render a 
particular gram developable would not aftect 
the others either A slightly greater exposure 
will cause all the giains to be blackened This 
IS found broadly to bo the case Careful experi- 
ment with a series of emulsions, i.e., a com- 
parable set of emulsions where all the chemical 
factors are the same and only the time of precipi- 
tation of the silver halide is varied (Trivclh 
and Smith, Phot J 1939, 79, 330, 403) showed 
a direct proportionality (a) between the Hurter 
and Driffield speed * and tlie average gram size, 
and (h) between the Hurter and Driffield speed 
and the time of precipitation of the silver halide, 
and an exponential relation between the contrast 
of the emulsion (expressed by the tangent of the 
angle of slope of the Hurter and Driffield cha- 
racteristic curve, termed gamma) and the 
standard deviation (a) of the gram-size distri- 
bution This IS calculated from the formula 

m which X IS the gram size, x the average gram 
size, and y the frequency observed per thousand 
grams. Z is zero if all the grams are identical. 

The emulsion maker therefore is able, by 
I suitable choice of the conditions of precipitation 
and ripening, to settle the general character of 
the finished emulsion. Jiy very rapid precipi- 
tation and minimum ripening he obtains an 
emulsion of low speed, high contrast, and small 
grains nearly identical with their neighbours ; 
by slow precipitation and maximum ripening 
m the presence of a silver halide solvent he pro- 
duces an emulsion with a wide variation m gram 
sizes, a considerable proportion of which are 
large, and which has corresponding potentialities 
of high speed, but of only moderate contrast. 
He can further fix the total weight of silver per 
cubic centimetre of emulsion, which, for a given 
coating thickness, affects the contrast and the 
maximum density. 

The determination of the gram-size frequency 
distribution of a photographic emulsion is a 
highly specialised laboratory technique. Most 
of the work on this subject has been done by 
direct measurement of photomicrographs, made 
at a magnification of 2,500 diameters and en- 
larged for measurement to 10,000 diameters. 
To avoid serious error, m studying the small - 
gram end of the distribution of the slower 
emulsions, the photomicrographs have to be 
made by ultra-violet light to obtain sufficient 
resolution, and even then the true size of the 
smallest class has to bo obtained by extra- 
polation. Typical frequency curves for emul- 
sions of increasing precipitation time are shown 
* Defined in Section V, p 066a 
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in Fig. 1 (from Tnvelli and Smith, I c.). As 
precipitation time increases the curves become 
flatter and increasingly skew. It was shown by 
Sheppard and Tnvelli that this is a result to be 
expected from the distribution of the velocities 
of ions and molecules in the reaction solution, 
which was shown by Maxwell to follow the 
normal Laplaco-Gaussian probability law. The 
first sub-microsoopic particles of precipitate will 
have velocities the distribution of which follow's 
the same law. The particles grow propor- 
tionally with the number of collisions, which is 
proportional to their size at any time. The 
result 18 a skew-form distribution curve, which 
can be expressed by an equation 

which is readily shown to be the normal distii- 
bution in terms of log x* Here Y is the relative 


frequency of grains in the size-class x. Ax being 
the class width of the size umts used in the 
measurements (e.g., 0*1 sq.ja., if the measure- 
ments are made m terms of the projective area 
of the grains in square microns). This formula 
has the unique property that n can be made any 
rational number by a mere change of the con- 
stants A and a, so that whether diameters, areas, 
volumes or weights of the grams are measured, 
the distribution law turns out to bo the same 
In the more usual case with actual emulsions, 
the distribution curves are found to be com- 
posed of segments meeting at distinct dis- 
continuities, each segment conforming to the 
above law. Such discontinuities are shown most 
plainly by plotting the accumulated frequencies 
(i e , the sum of all the grains smaller than x, 
against x) on semilogarithmic probability paper, 
the graph then being a representation of the 



Fig. 1. — Size Frequency Distribution of Silver Halide Grains in Emulsions. 


normal function of Kapteyn f Two or more 
straight Imes meeting rather sharply are 
obtamed. The formula above follows im- 
mediately from the fact that the graph of 
the normal function is a straight Ime. From 
the curves suitable frequency constants for the 

• Called log-normal distributions ; see J H Gadduin, 
Nature, 1946, 166, 463 

t If a quantity z, related to x by the function 
z=f(x\ can bo found winch is distributed according to 
the normal Gaussian error curve, then z=^f(x) is called 
the normal function ot x J'lio form of f{x) affords 
information as to the manner in which the observed 
skew distribution of x was produced If the normal 
function is logarithmic, e g , 2 = (log® u — a), as in photo- 
graphic emulsions, It indicates that the particles have 
grown at a rate proportional to their size at any 
Instant. 


emulsion are calculated ; e.g , the average 
particle size, the dispersion (the standard 
deviation), the coefficient of variation, and the 
median. By multiply mg the frequency at 
which the grams m each class occur by the size 
of the class, a new curve is obtained representing 
the relative contribution to the total projective 
area of the projective area of each size class of 
grams, a curve better related to the photographic 
properties of the emulsion than the straightfor- 
ward frequency-distnbution curve. The number 
of grams per cubic centimetre of the hquid emul- 
sion is generally counted directly from a separate 
microscopical preparation. Typical values for 
commercial emulsions are given, in Table I, 
quoted from C. E. K. Mees (“ Theory of the> 
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Photographic Process,” Macmillan Co., New 
York, 1942, p. 62). 


Table I. 


Plate of film. 

A\ erage 
gram 
si7e, X, 
sq n. 

33is- 
persion 
or, sq n. 

Number of 
grains, N, 
per c c 

Motion-picture posi- 
tive 

0 31 

0 25 

1 17 85 \ 10’ 

Fine-grain roll film 

0 40 

0 58 

52 35 X 10’ 

Portrait film 

0 61 

0 75 

25 06 X 10’ 

Hmh-speed roll film 

0 03 

0 81 

22 61 X 10’ 

A'-Ray film 

2 30 

1 03 

6 32X10’ 


On the completion of ripening, the gelatin 
strength is brought up to approximately 10% 
by the addition of further gelatin, which is 
selected, however, in this case not for its 
mechanical and colloid protective properties but 
for its behaviour in the digestion stage. When 
all the added gelatin has dissolved, the emulsion 
is cooled as rapidly as possible and the firm jelly 
cut into shreds a few millimetres in diameter to 
facilitate washing. 

The Washing-out of the Soluble Salts . — The 
emulsion is w.ished to icmovo the potassium 
nitrate, product of the precipitation reaction, 
and excess bromide or ammonia left from the 
ripening stage. One method is by the use of 
sprays of clean Avatcr impinging on the shredded 
emulsion spread out in perforated metal baskets. 
While this watet must be filtered from suspended 
dirt and reasonably free from dissolved salts, it 
need not be distilled. This is fortunate in \iew 
of the very large quantities required. The 
extent of washing is controlled by the conditions 
of flow, temperature, and time, and measured by 
analytical procedures which may be of an 
electrical nature. 

Digestion . — If the emulsion at this stage is tested 
sensitometrically for its response to light it is 
found to be not only of low speed but of low 
contrast also. As it is hold at a temperature of 
50°o. or more, contrast and sensitivity increase 
\ cry rapidly until, in a time usually less than an 
hour, the emulsion attains the contrast normal 
for its particular grain-size distribution. Speed 
may continue to mcroaso for a time m a manner 
depending upon the whole previous history of the 
emulsion and of the gelatins used. After a time, 
usually less than an hour, the increase of speed 
ceases, and if digestion is continued the fog (^.c., 
the proportion of grains which are reducible in 
the developer without exposure) may begin to 
grow rapidly. 

Present understanding of the changes which 
take place in a photographic emulsion during 
digestion is a product of the last 25 years. 
Practical emulsion-makers had learnt by ex- 
perience that gelatins differed enormously in 
their influence on the photographic properties 
of the final emulsion, although they might be 
very similar in their properties of protective 
colloid in precipitation. Some gelatins are 
classed, on the basis of practical trials, as 
“ slow ” or “ inert,” others as “ fast ” or 
“ active.” After accurate statistical methods 
for discovering the grain-size distribution of 
emulsions had been developed, it became 


apparent that the differences between gelatins 
could no longer be put down to their influence 
on this factor, but that a direct chemical ex 
planation of their activity must be sought, i 
discovery made by R. F. Pimnett, of the Kodak 
Park works, Eastman Kodak Co., that an extract 
could be prepared from an “ active ” gelatin, 
which increased the speed of emulsions made 
from mert gelatin, appeared to prove this. The 
result of a long investigation based on this 
broad clue appeared m a paper published by 
Sheppard in 1925 (Sheppard, Phot. J. 1925, 65, 
380) Both by-products and intermediates from 
every stage of gelatin manufacture (v. Vol. V, 
604a) were examined by exhaustive extractive 
procedures and photographic emulsion tests, this 
latter consisting in adding the extract in question 
to an emulsion made with a standard mert 
gelatin. It was found that the acid delimmg 
liquors contained an active material, which 
could bo concentrated by evaporation in vacuo 
or better by ligrom extraction of a precipitate of 
aluminium hydroxide produced m the liquor by 
the addition of alum. The extract dried down 
to a reddish waxy sohd consisting chiefly of 
cholesterol, but which was shown to bo active 
because of a non -sterol impurity dissolved in it. 
In a search for this impurity, extracts were pre- 
pared from vegetable seeds, as being likely to 
contain a considerable sterol fraction, con- 
taminated, moreover, with the same impurity, 
carried into the gelatin in the diet of the animal. 
From a large variety of plant materials, notably 
the seeds and seedhulls of beans, peas, and 
cereals, the unknown sensitiser was obtained, 
associated, though apparently only by solution, 
with the phytosterols An extremely potent 
extract was obtained from black mustard seed 
and the sensitiser reasonably identified with allyl 
mustard oil or some similar compound. The 
complete identity was established by separating 
this compound directly from active gelatin and 
from the delimmg liquors by steam distillation, 
and confirming its effect in emulsions. The con- 
centration m photogiaphic gelatin varied from 
one to three parts in a million. 

Further work with pure compounds showed 
that the effective grouping was the t^othio- 
cyanato grouping R — N C.S, the alkyl part of 
the molecule being replaceable with other 
radicles. Such sensitisers wore effective only 
m the presence of alkali sufficient to produce 
ammonia or free amino groups with which they 
react to form a thiourea. 

^NHR 

RN;C:S-fNH3->C=S 

Traces of tliese substances m an emulsion, 
formed either from the naturally occurring thio- 
carbimidos m the gelatin by the action of 
ammonia or amines, or deliberately added thio- 
ureas, attack the silver halide grains, forming 
small quantities of an addition compound : 


(AgBr)^ : 


• yNHR • 
C=S 

. \nh, . 
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When this compound reacts with alkali it is 
converted into silver sulphide. The importance 
of this mechanism will appear in Section II, 
where it is shown to provide the necessary sensi- 
tivity specks required by modern theory to con- 
centrate the action of light falling over the whole 
target area of each grain 

While the publication of the above work pro- 
vided a considerable stimulus to research and 
explained some long known practical obser- 
vations, it did not transform the art of emulsion 
making into a science overnight. Gelatin con- 
tains many other impurities besides the thio- 
carbirnidcs, and some of these may have equally 
profound effects. Thus sulphide-ion sulphur in 
a gelatin is liable to give coloured dichroic fogs 
on long development of the finished material 
The sulphide produces germs of silver sulphide 
throughout the gelatin when the layer is im- 
mersed in the developer. These grow during 
the remainder of dev clopmciit by a jilating on to 
them of silver dissolved out of the layer by 
complex ion formation (r g , with the sulphite) 
When big enough to scatter blue light, they 
appear as yellow stain. 8uch sulphide sulphur 
can bo estimated by measurement of the hyd lo- 
gon sulphide formed on aeration of an acidified 
sample of the gelatin, or by the Fcigl reaction 
With sodium azide. 

Other compounds of sulphur in gelatin or an 
excess of the sensitisers may produce normal 
or black fog, i e , they make an unduly high 
proportion of grains developable without ex- 
posure. In addition, desensitisers and anti- 
agents of unknown nature are un- 
doubtedly present in small and varying amounts, 
so that the behaviour of a gelatin can, as before, 
only bo ascertained by prac'tical trial Gelatins 
can be classified empirically into various classes 
by the photographic properties of emulsions 
made with them and tested at successiv’^o stages 
of the cmulsion-making procedure By such 
classifications the emulsion maker is able to 
maintain the properties of his emulsions through 
changes of gelatin from batch to batch, a neces- 
sity of commercial production where the market 
expects a given grade of the product to have the 
same properties rc^gardless of batch number. 

The emulsion so made is run off through coolers 
into emulsion pots, set, and stored m a re- 
frigerated room It may be used as the basic 
emulsion for a variety of products, depending on 
the sensitising dyes and other “ doctors ” added 
Before coating, the pH and pAg are adjusted, 
hardeners and stabilisers added, while “ doctors ” 
to assist spreading and break foam may be 
added expressly to assist the coating operation 
From an early stage the emulsion must be pre- 
served against the action of bacteria and moulds 
by the addition of selected preservatives 
Throughout these processes the use of silver-lined 
kettles, and vessels of chemical stoneware, stain- 
less steel, or of nickel, is common practice 

While the above description would make it 
appear that the preparation of a photographic 
emulsion is by no means a difficult chemical 
operation, in commercial practice the need of 
consistency transfoims an essentially simple 
ehomieal operation into a piocess requiring 
refined chemical and sonsitometnc control at 


every step. A large part of the product of the 
industry is used in mechanised applications 
where it is extremely inconvenient to change the 
strength of light sources or the time of develop- 
ment to suit a change in the properties of the 
photographic material from batch to batch of 
tho same grade. In the cinematograph in- 
dustry, in particular, a difference of as little as 
12% m the speed of adjacent rolls of tho film on 
w^hich positive prints are made would be detect- 
able on the print. The mechanics of tho quantity 
production of such prints are such that adjust- 
ments to cope with tho differences of 50% and 
more which wore common 20 years ago 
would often bo outside the range of adjustment 
physically provided for in the apparatus, even 
if the industry were prepared to put up with 
the expense and interruption required first to 
find the extent of tho adjustments and then to 
put them into effect. The manufacturers there- 
fore, faced with a constant inflow of new batches 
of raw materials, one of the most important of 
which, gelatin, is a natural pioduct which as yet 
can be made to conform only to a limited chemi- 
cal specification, is forced to use the devices of 
pilot coatings and of blending both of gelatins 
and of finished emulsions in order to obtain a 
consistent product The organisation of tho 
testing procedures required and their integra- 
tion with production, results in a high proportion 
of testing to production personnel, as compared 
with other industries. This proportion may 
amount to 25% if the st.iff engaged on inspection 
and testing of the finished product is included. 

Printing Paper Emulsions. — In printing 
papers the main division is between enlarging 
and contact papcis The emulsion maker has to 
pay much more attention to image colour and 
case of handling under mass-pioduction con- 
ditions, and can, except for the division above, 
neglect comparatively tho question of absolute 
speed Once suitable levels of speed in these 
two divisions have been established, his aim, 
particularly since the advent of printers with 
automatically controlled exposure, is to produce 
batch after batch of a consistent product For 
enlarging papers tho mam resource is a washed 
silver bromide emulsion of the slow' negative 
typo, either completely unsensitisod or sensitised 
only in the blue or blue-green region of tho 
spectrum All such papers are invariably 
handled in orange or red light The “ gaslight ” 
paper, used for contact punting of amateur 
negatives in “ D and P ” establishments, has a 
silver chloride emulsion slow enough to be 
handled m a bright yellow light, yet fast enough 
to yield a satisfactory print in a commercial 
printer with an exposure of the order of one 
second. It yields a characteristic blue black 
imago colour and a gradation of tones peculiarly 
well adapted to modem negative materials. In 
between the two are the chloro- bromide paper 
emulsions, the usefulness of which depends upon 
the range of pleasing warm- black tones obtain- 
able by modifications of the conditions of 
development. These are, as their name implies, 
mixtures of silver bromide and chloride co- 
precipitated to form mixed crystals, the iso- 
morphous bromide and chloride crystalhsmg 
together to yield one lattice. They can be made 
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of speeds suitable either for enlarging or for 
contact printing. The grains of such chloride 
papers are only visible under the highest powers 
of the microscope. In their preparation the well- 
defined stages in the preparation of negative 
emulsions do not appear, the quality and 
sensitivity of such emulsions depending upon 
the formula, the gelatin (most or all of which is 
added at the beginning), and the exact conditions 
of precipitation. Variations in these factors 
allow each kind of paper to be made in grades 
giving satisfactory prints with a full scale of 
tones from white to black from negatives of 
widely differing density range. This question of 
the exposure scale of the paper is dealt with in 
Section V, In recent years a number of papers 
have appeared m which the exposure scale can 
bo selected at the time of printing by choice of 
the colour of the printing light. This is done 
cither by a mixture of two emulsions of differing 
contiast differentially sensitised (B P 494088, 
10,37 , 541510-1.5, 1940) or by the use of certain 
sensitising dyes m very limited amount (B P 
547060, 1940) 

The Raw Materials. — The silver nitrate 
used for emulsion making is made from bullion 
silver and is purified by repeated recrystal- 
lisation It must be free from other heavy 
metals and organic dirt, but satisfactory purity 
IS not difficult to achieve. The gelatin used m 
photography is the highest quality product made 
by gelatin and glue works While the essential 
treatment of the raw material is as described in 
the article Gelatin (Vol V, 504, 505), the stock 
IS selected, and only the products of the early 
and lower-temperature cooks are employed for 
photographic gelatin. The selected stock in- 
cludes clippings from calf hide, and ears, cheek 
pieces and pates, these parts being of no value 
for leather Certain qualities of gelatin aro 
made fiom pigskin, and some from decal- 
cified bone Lime-processed and acid-procossed 
gelatins are both used These differ in their 
isoelectric point, which is a function of the 
extraction history of the matenal with respect 
to pH (Ames, J S C I 1944, 63, 200) and in the 
properties of the jelly (e g , swelling behaviour) 

In choosing the gelatins, the emulsion maker 
IS concerned almost equally with the physical 
projierties of the jolly prepared by cooling hot 
solutions of the gelatin as with its chemical 
reactions with the light sensitive silver halide. 
For the first, laboratory tests of jelly strength, 
viscosity before and after digestion, melting- 
point, and particularly rate of sotting provide 
sufficient criteria of selection For the second, 
the laboratory can test for the presence of heavy 
metals and reducing agents (both to be avoided), 
and can put the gelatin approximately into its 
class as to its potentialities for giving speed by 
estimations of the labile sulphur earned out 
according to some standardised technique. The 
only satisfactory method, however, is by the 
preparation of pilot photographic emulsions, the 
properties of which, interpreted by the aid of a 
vast body of experience, enable any particular 
gelatin to be cdassified and earmarked for an 
employment where its good qualities will boat 
be utilised and its defects bo least harmful. 

To a limited extent the emulsion chemist is 


able to modify both the physical and chemical 
properties of the gelatin raw material. To the 
fir^t belong all those procedures described as 
hardening. Such procedures aro commonly 
apphed at two points in the history of a photo- 
graphic material, namely during manufacture 
where hardening is used to give protection 
against softening and sticking at high tempera- 
tures and humidities, and particularly in the 
case of photographic papers, to allow of simul- 
taneous drying and glazing of the prints on a hot 
pohshed metal drum , and also dining processing 
to keep the wet gelatin layer firm and tough 
throughout the processing operations, par- 
ticularly if these are to bo earned out at tempera- 
tures higher than normal. The reactions in- 
volved are similar to those operating m the 
tanning of hide. Inorganic agents used are 
chrome alum and potash alum, the latter being 
used very extensively in acid hardening fixing 
baths. These salts harden to an optimum at a 
characteristic pH at which hydrous alumina 
and chromic oxide start to separate ; pH 4 0 for 
aluminium and pH 5 1 for chromium, though the 
exact value vanes with the conditions. The 
alums can thus be used in acid solution, as in 
acid fixing baths Organic hardening agents, 
on the other hand, in general increase m efficiency 
as the pH is raised above pH 5, approximately 
the isoelectric point of lime- processed gelatin 
The agents used, many of which are protected 
by patents, may be classified as aldehydes (e g , 
formaldehyde), hydro xyaldehydos (e g , glycol 
aldehyde, aldol, glyceraldehyde), dialdehydes 

9 * unsaturated ahphatic aldehydes 

(e*g,y acrolein, crotonaldehyde), carboxylic alde- 
hydes (e.g.y mucochloric acid), ketones (e g , 
diacetyl, acctonylacetone). Some of these 
agents are liable to cause fog, others reticulation 
(this IS a fino-grained folding of the emulsion 
layer into a network of waves, often duo to ex- 
cessive swelling of certain strata of an emulsion 
layer combined with hardening of other strata). 

The chemical properties of gelatin m relation 
to emulsion making are, as described above, 
mostly taken as found. Nevertheless agents aro 
known which, when added to a gelatin, cause it 
to behave photographically like one of a different 
class. Such agents can modify both the 
dispersion of the silver halide precipitate and the 
manner of the formation of sensitivity specks on 
it. Defects such as liability to yellow stain or 
to yield high veil on keeping can also bo reduced. 
The nature of those agents, in so far as it has 
boon made public, is to bo sought in the patent 
literature (c g , B.P. 539355 ; 536525 ; 522997 ; 
616005; 641232; U.vS P. 2271622 , 2271623). 

The potassium bromide, iodide, etc., used are 
the ordinary chemicals of reagent grade. The 
dyes used for conferring sensitivity to coloured 
light are discussed m Section VII. 

The Coating Operation .—The gelatin 
medium universally used as the vehicle for silver 
hahde photographic emulsions has so many 
useful properties both from the manufacturer’s 
and the user’s point of view that its few defects 
are accepted as necessary evils and countered’ 
by suitable procedures both in the factory and 
the darkroom. The ready reversibility of the 
sol-gel transformation, which may prove a 
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nuisance to the photographer attempting to 
process his materials m the tropics, is an asset 
in the coatmg "room, as it enables the fluid 
emulsion, cast evenly on a support, to be set 
rapidly by refrigeration to a jelly which can then 
be dried during a comparatively much longer 
period without disturbance to the origmal form 
of the coating. Moreover, the support with the 
set jelly on it can be handled without regard to 
gravity, capillarity or other factors which would 
gravely complicate the drying of a liquid layer. 
The coating of photographic emulsions can 
therefore bo considered m two stages : (a) the 
casting of the emulsion on the support and its 
setting ; and (b) the drying of the set layer. 

In dealmg with the first, the techniques em- 
ployed naturally differ according as to whether 
the support for the emulsion is flexible or rigid. 
All materials of the former type are handled in 
the form of rolls, some 40 in. wide, and the 
machinery is designed to take a roll of raw sup- 
port at one end, and deliver a roll of coated 
jihotographic material at the other, the coatings 
applied not necessarily being confined to one 
Summarising a desciiption which has appeared 
in the article Celluloid Plastics (Vol. II, 
446a), the support is unwound from the stock 
roll (Fig. 2) over a number of rollers, one of 


connecting the viscosity the density p of the 
emulsion, the speed of the coating machine, and 
the thickness f of the layer as follows : 

t^=2vrjlpg where v is the velocity of drawing. 

It will be seen that as the speed of the machine 
and the viscosity of the fluid layer increase, so 
does the thickness of the congealed layer. Hence 
there is a limit to the speed of coating, a speed 
where no practicable reduction of the viscosity 
of the emulsion by dilution or high temperatures 
will yield a sufficiently thin coating. In general 
the viscosity of the emulsion can be reduced 
sufficiently by dilution and by control of the 
temperature (for a fine adjustment) to give the 
thickness of coating required at speeds from 
15 ft. per mm. upwards. Given a support with- 
out dimples or cockles, the uniformity of coating 
which can bo achieved by tins method is extra- 
ordinary. Rolls 2,000 ft long can bo coated, 
and processed to a positive by reversal (Section 
III, p. 563c) without any of the cfiects of 
non-uniform coating being detectable photo- 
graphically. In reversal the positive imago is 
developed from all or part of the residual halide 
image left after removal of the negative silver 
image m a bleach. Its density is particularly 
sensitive to coatmg thickness variations It is 
doubtful if the integral tn-pack materials for 



colour photography {see Section VII) could 
have been brought to a commercial success 
in the absence of this prior art of uniform 
coatmg of film with black and white emulsions 
A far lower degree of uniformity is achieved 
on paper, whore the surface of the sheet is 
not plane. Except for reversal processing, 
however, a non-uniforrn coat does not matter, 
within limits. The image only reaches the 
support m the deepest shadows (where non- 


Fig. 2. — Diageam of Film Emulsion 
Coating Plant. 


uniformities cannot bo seen) and elsewhere 
extends to its projjor depth m both hump 
and hollow, the excess of silver hahde being 


dissolved away in the fixing bath. Neverthe- 
which may be connected to a footage meter, to less, as uniform a coating as possible is desirable 
the coating roller^ round which it is bent through as thick and thin places have different rates of 
approximately 180° to rise vertically some 10 or drying which may alter the sensitivity and 
12 ft. into the chdl hor. The coatmg roller dips produce a mottle Normal vaiiations do not 
into the liquid emulsion which is fed by a exceed 5% (i.e., 0*4/x. on the dry layer), 
constant level device to the water- jacketed The coated material, after the emulsion is set, 
coating tray, which can bo adjusted as to height emerges from the chill box, and may either have 
by a precision jack Cups at each end of the another coat put on it immediately oi is first 
coating roller bear on the support at its edges dried. The application of a thin anti-abrasion 
and prevent leakage of emulsion round to the supercoat of plain gelatin, usual on all products 
urong side of the support. In the chill box the except perfoiated motion-picture film, is com- 
cmulsion is set by blasts of cold air directed on mon at this stage. The supercoat is quickly set 
to the face of the material, or by a combination by chilled rollers applied to the already cold 
of this with the cooling action of a chilled roller material, and the whole then dried under 
coming into contact with the back, carefully controlled conditions m very clean 

With this arrangement the amount of emul- air. 

Sion picked up and thus the final thickness of For drying two methods are m use. The first 
the dried layer depends solely on the viscosity utilises the usual method of festoon drying of 
of the emulsion and the speed of the machme. the paper-coating industry. The material as it 
The conditions are the same as those employed emerges is picked up on sticks which are brought 
111 the manufacture of enamel- covered instru- into contact with the back by projections on two 
mont wire, where it has been shown (G.E.C. parallel rising chains, one at each side (Fig. 2). 
Research Staff, Phil Mag. 1922, 44, 1002-1014) The festoons formed are from 7 to 9 ft. deep, 
that the outer face of the equilibrium fluid layer The stick is transferred at the top of the rise to 
is stationary while the inner is moving upwards a horizontal slower-moving chain which convoys 
with the velocity of the support. In the simpler the sticks and the loops bodily through the 
case of a plane surface, this leads to a formula length of a drying alley, which may be up to 
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300 yards long. Hero the water in the swollen 
layer is evaporated by air currents controlled as 
to direction and volume by adjustable ports and 
as to temperature and humidity by air condition- 
ing plant. All the air is filtered to clean it 
of dirt. The air temperature gradually rises 
through the length of the alley, but just before 
spooling the temperature falls and the humidity 
rises to condition the product for spooling and 
packing.^ Machines of the other type which 
grip the mateiial by the edges and carry it 
through a drying tunnel have the advantage 
that the product can bo coated on both sides 
and dried in one operation. With festoon drying 
the back of the product, which may carry 
another photographic emulsion (X-ray film), 
or a gelatin anti-curl or anti-halation layer 
(amateur roll film), has to be coated m a 
separate operation, with the material turned 
over. 

The commercial coating of glass plates is a 
completely distinct technique with a much 
longer history. The operation hero is one of 
spreading, no control being possilfio by drainage. 
The glass pi, ites, which are selected from window- 
glass production for flatness and freedom from 
Haws, aio washed on a machine by sprays and 
reciprocating brushes, rinsed, and then coated 
with a substratum before passing down a drying 
tunnel. The subbing solution, which is a very 
dilute solution of gelatin and hardening agents, 
IS conveniently applied by a wick wiping the 
faro of the moving plate When dry, the sub- 
stratum can just be detected by rubbing it up 
under the micioscopo It serves to anchor the 
emulsion to the glass and prevents edge fulling 
and blisters during -processing. The clean, dry, 
and subbed plates are now ready for coating, 
but may be backed first, if the backings will 
withstand the subsequent coating operations. 
IModern plates are frequently backed with a 
coloured (or black) layer, which dissolves off the 
glass in the processing baths. In the more suc- 
cessful examples the dye removed with the dis- 
solving backmg 18 decolorised in the developer. 
In the camera the backing layer, which has a 
refractive index close to that of the glass, pre- 
vents reflection of light at the back face of the 
glass and absorbs that which crosses it, reducing 
the defect known as halation. Alkah soluble 
vehicles which have been used comprise phtha- 
lato esters of cellulose and polyvinyl alcohol, and 
hydrolysis products of natural resins (B.P. 
652136; 520157, 511180). Where the plates 
are backed after coating the vehicle can be any 
water-soluble gum {e.g., gum arabic). Backing 
before coating is more convenient and control- 
lable than backing after coating, as the operation 
can bo done in the light, and the rejection of 
defective plates is not so costly. On the other 
hand, Avith this method the backing layer must 
bo water resistant to withstand contact with the 
wet bands of the coating machine, yet readily 
soluble in the mildly alkaline developer. The 
other necessary properties of firm adhesion, 
ready parting under the diamond without chip- 
ping, and lack of tack when stored under tropical 
conditions, all limit seriously the range of 
possible vehicles. The dyes (e.g.y Acid Fuchsine, 
Ink Blue) arc discharged by the alkali or sulphite 


of the developer. Dyes with loss desensitising 
powers than the above triphenylmethane dyes 
are disclosed in the patent literature (B.P. 
506385; 529140). 

The coating with emulsion is done by spreaders 
which discharge a carefully regulated amount of 
fluid emulsion on to the horizontal surface of the 
plate travelling on a moving band, or on chains. 
A few seconds after coating the plate is trans- 
ferred to a chilled band which sets the emulsion, 
this band moving slightly faster than the coating 
band so as to separate the plates Setting is 
completed by the time the plate reaches the end 
of the band, and the plates are then removed 
and racked for drying in cupboards The air 
supplied to the cupboards is filtered, washed, 
and conditioned just as it is for the drying alleys 
of flexible products. 

Spreaders are of various designs, each factory 
having its own pattern modified by experience 
to suit its own peculiar conditions. In three 
types the emulsion is delivered to the plate from 
a constant head device by gravity alone ; these 
are the parallel plate spreader, the slit spreader, 
and the weir spreader In the first, two parallel 
plates slightly spaced flora each other form a 
slot through which a steady stieam of fluid 
emulsion is fed to the moving plates In the 
second the slot is reduced to a slit, while in the 
third the liquid emulsion overflows from a 
constant head device down one or more weirs 
Each weir crest forms a delay stage at which 
lengthwise evening-out of the emulsion can 
occur. A fourth typo attempts to secure even 
coating by the same principle as is used for 
flexible products. A rotating roller picks up a 
film of emulsion which is removed by a rubber 
scraper and guided down a weir on to the plate 
In most cases coating is actually done from a 
meniscus formed at the junction between the 
moving plate and a light flexible apron attached 
to the spreader. At the point of coating the 
coating band passes over a carefully levelled 
coating bed, and the whole is kept above 
the setting point of the emulsion by passing the 
coating band through a tank of hot water. The 
glass plates, which are put on m edge to edge 
contact, are rapidly and evenly heated by the 
film of water on which they rest. Even after 
coating, therefore, the emulsion can level itself 
up until set by transfer to the similar wet 
chilhng-band. 

No account of coating procedures for photo- 
graphic materials would be complete without 
mention of the extraordinary precautions which 
have to be taken throughout to eliminate defects 
due to microscopic particles of foreign dirt. 
Once the layer is set, any foreign body already 
in the layer or reaching it during coating or dry- 
ing, if capable of affecting the photographic 
properties of the emulsion at all, will reveal itself 
by a dark or light spot which may have an area 
five hundred times that of the foreign particle 
itself Dirt specks, therefore, which are invisible 
except under the microscope may produce a 
crop of blemishes sufficient to ruin the photo- 
graph even on naked-eye inspection, to say 
nothing of enlargement in the cinematograph 
projector. Particles of metal from machinery, 
soil, sulphur from rubber goods, mercury, all 
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have very potent effects. Operatives are ro- 
(juired, therefore, to wear special overalls, caps, 
and in some operations gloves, while plant and 
buildings must be maintained m a state of spot- 
less cleanliness comparable with that in a surgical 
operating theatre The same precautions must 
be taken m the packing rooms, where dust reach- 
ing the face of the product will obstruct the light 
when the material is exposed and lead to a crop 
of minute white shadows known as dust specks 
The packing materials must not only be free of 
dust, but carefully selected on the basis of 
pra( tical trials in contact with photographic 
emulsions incubated with them in sandwi(‘h 
form. 

Supports for Photographic Emulsions. 
— The varieties and manufacture of photo- 
graphic film support are described m the article 
Celluloid Plastics (Vol II, 446). For the 
manufacture of sheet window glass see Vol V, 
590, 594. While the mam principles of the 
manufacture of photographic paper do not differ 
fiom those applied in the manufacture of any 
high-class book or writing paper (v. this Vol., 
p 215c?) the requirements are so specialised that 
manufactuie is m many cases relegated to a 
special mill devoted entirely to photographic 
paper. This is mainly because of the extreme 
precautions which have to bo taken against 
metal speck impurities, which would give rise to 
spots on the finished photographs. The papers 
produced are characterised by high chemical 
purity, whiteness, and strength, particular im- 
portance being attached to wet strength, so that 
the prints shall stand up to the processing opera- 
tions The fibre stocks used comprise rag, 
bleached sulphite pulp (hard and soft wood) , 
bleached alpha pulps (hard and soft wood) ; 
bleached soda pulp (hardwood) ; esparto. 
Whereas 20 years ago the inclusion of a 
largo proportion of rag would have been con- 
sidered essential for the necessary strength and 
peimanency, the art has so improved that to-day 
papers made wholly of w ood can bo superior to 
rag papers made from laundered rags. This 
applies particularly to the alpha pulps The 
weights used range from 70 to 250 g per sq m , 
the last being card stock. Apart from the rosin 
size incorporated in the boater, the papers are 
usually tub-sized with gelatin, and may be 
coated directly with emulsion (natural surfaced 1 
papers) or are more usually baryta coated in 
a separate department. The baryta coating, 
which IS based on blanc-fixe m a gelatin binder, 
determines the nature of the paper surfaee , 
i.e., whether glossy, satin or matt, and can be 
dyed to give popular shades of blue-white or 
cream. From one to four successive coats are 
applied, the machinery and festoon drying 
technique being that usual in the paper-coating 
industry. The coated papers are calendered 
before emulsion coatmg, and one of the bowls 
may be embossed with a fine-gram pattern to 
confer a distmctive surface. Further matting 
agents {e,g,, starch) may be added to the 
emulsion and supcrcoat. Photographic papers 
are invariably overcoated with a thin plain 
gelatin supercoat to avoid stress marks, t.e , 
lines of developed silver along the course of 
abrasions. 


A small proportion of photographic material 
is coated on special supports. These mclude 
aluminium foil, which may be anodised, 
lacquered, or laminated between two sheets of 
paper in order to msulate the emulsion from the 
metal. This material retains its dimensions 
throughout processmg very closely. Other 
paper supports are waterproofed before coatmg 
by the application of lacquers to both sides. 
These are quickly processed and dried and have 
good dimensional stability. Semi-transparent 
supports of glassine, transparentised and 
lacqueicd paper, and tracing linen, when coated 
with a slow emulsion, have their uses m the 
drawing office. Various products m which the 
emulsion layer can bo stripped off after pro- 
cessing, mounted on a thin film of collodion or 
an unsensitisod gelatin layer, are used m the 
photomechanical industry The materials so 
produced yield negatives with many of the uses 
of negatives on film, but at a lower price. In 
these products the interface of stripping is 
treated with traces of wax or resins to ensure a 
clean separation when the stripping layer is 
later detached Others depend on the solution 
of a layer of soft gelatin in warm water. 

The History of PiioTOGRAriiic Materials. 

The modem photographic process with salts 
of silver, mwvhich an indefinite number of prints 
can be made from one photographic negative, 
derives in a direct line from the work of William 
Henry Fox Talbot (1800-77), who m 1834, in 
Ignorance of previous work reported by H. Davy 
and Thomas Wedgwood m 1802 (“ An Account 
of a Method of Copying Paintings upon Glass, 
and of making Profiles by the agency of Light 
upon the Nitrate of Silver.” Invented by 
Thomas Wedgwood, F]sq , with observations by 
H. Davy, Journal of the Royal Institution, 1802) 
began experiments specifically directed to fixing 
the image of the camera obscura. Ho began 
with white paper brushed over with nitrate of 
silver, but found it, and a like paper treated with 
silver chloride, intolerably slow for use m the 
camera He attempted an improvement by 
forming the silver chloride on the paper by 
alternate baths of salt and silver nitrate, and 
succeeded, by using an insufficiency of salt to 
react with all the silver, and by exposing the 
paper while wet, in reducing the exposure to 
10 mmutes or so, provided it was a bright day 
This was in the summer of 1835, when his first 
photographs, fixed by bathing in solutions of 
common salt or of potassium iodide, were ob- 
tained. Those were of miniature size, and wore 
negatives. They were of course print-out 
images. Talbot did not discover the latent 
image, and the process of its development, until 
September, 1840. 

Talbot was led to publish his progress with 
prmt-out images in January, 1839, as a result 
of the announcement by Arago, on January 7, 
1839, to the French Academy of Sciences (Compt. 
rend. 1839, 8 , 4) that L. J. M. Daguerre had dis- 
covered a method of photography. This 
announcement revealed no details of Daguerre’s 
process, which were not made public until 
August, 1839. Daguerre’s process, which pro- 
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duced an enormous sensation, employed for the 
first time a method of development of an in- 
visible latent image. Highly polished plates of 
silver or of silvered copper were exposed to the 
fumes of iodine, and the sensitive surface of silver 
iodide exposed in the camera for from 3 to 30 
minutes The plate was then removed and the 
invisible latent image developed by exposing 
the plate to the vapour of heated mercury, which 
condensed on the exposed parts. Originally the 
plate was (imperfectly) fixed by means of a hot 
solution of common salt, but in 1839 Daguerre 
learnt of the solvent action of sodium thiosul- 
phate solutions for the silver halides (reported 
by Herschel in 1819). In the Daguerreotype the 
imago was reversed (as iii a mirror), while the 
shadows of the subject 'weie represented by the 
original silver plate, and appeared dark only if 
so tilted as to reflect a dark part of the sur- 
roundings. The lights of the picture, made up 
of the mercury amalgam, could be damaged by a 
touch The plate was considerably increased in 
speed by the use of bromine in conjunction with 
iodine (J. F. Goddard, 1840), and improved in 
contrast and resistance to handlmg by toning 
with gold (H L. Fizeau, 1840). Those improve- 
ments, together with the Petzval lens (1841) 
made portraiture practical The possible part 
played in the final Daguerreotype process by hints 
learnt from the work of J N. Niepce, Daguerre’s 
collaborator from 1829 to his death in 1833, will 
probably never be known Ho seems by 1816 
to have got as far as Wcdgw'ood had 20 years 
previously (unfixed negative prints on silver 
chloride paper), but abandoned silver processes 
for extremely slow processes based on the 
hardening of asphaltum varnishes by light 
fcjonie of these weio spread on silver plates and his 
use of iodine to darken the bare metal left after 
removal of the unexposed varnish may have 
gi\ en a hint to Daguerre. 

Daguerreotype, though extinct in 15 years, 
popularised the notion of photography and 
enormously stimulated research. By 1841 Tal- 
bot had produced the Calotype process, in which 
paper impregnated with silver iodide was 
washed over With a mixture of silver nitrate and 
gallic acid, and after exposure developed with 
more of the gallic acid and silver nitrate mixture. 
The resulting negatives were fixed in “ hypo,” 
and printed on the silver chloride paper of 1839. 
Talbot had learnt of the fixing powers of sodium 
thiosulphate solutions from Herschel, and may 
have used gallic acid as a result of hearing of its 
use in 1836-37 by the Rev. J. B. Reade. This 
experimenter had prepared what he believed to 
be a very rapid prmt-out paper by the use of 
gallic acid (inferred to be useful from the 
remarks of Davy in the paper of 1802) and used 
it in his solar microscope. » He was in fact ex- 
posing and developing simultaneously, but did 
not appreciate the fact. Talbot, on the other 
hand, was fully aware, from results first obtained 
by accident on September 20, 1840, that he was 
developing a latent image. From his process, 
via albumenisod glass (Niepce de Saint- Victor, 
1847), wet collodion (F. Scott Archer, 1848-51), 
“ preserved ” or diy collodion (1860-70), to the 
gelatin dry plate (R. L. Maddox, 1871), modern 
sensitive layers derive. 


II. THE ACTION OF LIGHT. 

Historically, the use of silver salts m photo- 
graphy followed from observations of the print- 
out effect. The useful processes which secured 
visible images by the development of invisible 
latent images produced by a very small exposure 
to light follow^cd from successive direct modifi- 
cations of prmt-out processes. From the early 
days of scientific interest m photography, there- 
fore, it has been taken as probable that the 
events which produce a visible discoloration in 
a silver halide crystal on exposure to light are a 
continuation of the events winch produce a 
latent image, and that this once prodiu'etl, the 
mechanism of its catalytic action in enabling the 
developer to distinguish between an exposed 
and an unexposed gram belongs iiroperly to a 
theory of development 

The nature of the prmt-out discoloration was 
for long not understood. As eaily as 1802, 
Davy, m commenting upon the cxpeiiments of 
Wedgwood with prmt-out silver clilorido papers, 
opined that some of the silver deserted its acid 
to yield a dark compound with the organic 
matter picscnt Carey Lea, as a result of 
researches on the photohalides of silver, believed 
that the product of photolysis was a subhalido 
of silver, and that the latent imago was formed 
of subhalide dispersed colloidally in unchanged 
silver halide (Amer J Sci 1887, [m], 33, 349). 
While the existence ol a subfluoride of silver was 
later demonstrated by Guntz (Compt. roi;id 
1890, 110, 1337), modem work with the micro- 
balance by Hartung (J.C S. 1924, 125, 2198) and 
with the X-ray dittraction camera by Koch 
and Vogler (Ann. Physik, 1925, [v], 77 , 495) 
has shown conclusively that the product of 
photolysis of silver bromide and chloride on pro- 
longed exposure to light is metallic silver and 
atomic or molecular halogen. Observations with 
the electron microscope, as also the spectral 
absorption of largo crystals m which a new 
absorption band has been induced by exposure 
to light (Hilsch and Fohl, Z. Physik, 1930, 64 , 
606) show that, m contradistinction to the free 
metal which can bo introduced into crystals of 
the alkali halides, and which is atomically 
dispersed, the silver making up the visible imago 
on light-discoloured silver halide crystals is 
dispersed as a limited number of small specks 
By analogy there is every reason to believe that 
the latent imago produced by a brief exposure to 
light consists similarly of aggregates of metallic 
silver, though of much smaller dimensions. The 
rest of this section, therefore, is devoted to ac- 
counts of the attempts made to prove this 
identity by indirect means, and of the currently 
accepted theory advanced to explain the primary 
action of light in producing such aggregates, 
together with the consequences of the theory 
which have been confirmed by expeiiment. 

No direct method of analysis, nor any experi- 
ments with the electron microscope or with the 
Y-ray diffraction camera, have succeeded in 
revealing the presence of colloidal silver m silver 
halide grams which have received an exposure 
to light of the order of that required to produce 
a latent photographic image. Development 
alone is able^ to reveal the latent image so that 
all the evidence rogardmg its distribution and 
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nature is necessarily indirect With regard to 
its distribution, use has been made of an 
observation by Hodgson (J. Franklm Inst. 1917, 
184 , 705), that if development was interrupted 
shortly before a visible image appeared, and the 
partially developed grams examined with a high- 
power microscope, then black specks were visible 
in or on the grain, becoming larger the longer 
the time of development before inspection 
They were evidently the points on the gram 
where development was initiated, and became 
known as development centres, ^vedberg (Phot. 
J 1922, 62, 310), found that the centres were 
distributed over the grains according to the laws 
of chance, and that no centres appeared inside 
the grams (even for the JC-ray exposures which 
ho used). Since a gram becomes completely 
developable if it contains only one centre, this 
was advanced as a reason for the finding that the 
large grams are more sensitive than the smaller, 
as the probability that a centre will form is pro- 
portional to the surface area of the gram. Toy 
(Phil. Mag. 1922, [viii], 44 , 352) also found that 
the large grams were more sensitive than the 
small grams A discussion which ensued as to 
w^hethor the chance distribution of development 
(cntres was duo to the chance incidence of light 
()uanta was settled by Claik (Brit J Phot. 1922, 
69, 402), who demonstrated a complete parallel- 
ism between the production of developability by 
light and by treatment with sodium arsenite 
solutions, the parallelism extending oven to the 
topography of the distiibution of the develop- 
ment centres on the edges and faces of the 
crystal It was suggested that the sites of the 
development centres wcio determined even 
before exposure by pre-existent sensitivity specks, 
wdiich either light or sodium arsenite changed 
into a form capable of catalysing development 
Indirect experiments on the nature of the 
postulated sensitivity substance showed it to bo 
much more resistant to chromu'-acid solutions 
than w^as the latent image produced from it by 
exposing the silver halide crystal to light (Clark, 
Phot. J. 1924, 64 , 91}. This was a deduction from 
the expoiimental fact that the speed of the emul- 
sion after chromic-acid tioatment was much 
lower 111 the case where it had first had a pre- 
exposure to light (to change the sensitivity sub- 
stance into latent imago substance). Its nature, 
however, remained unknown. The modern cx- 
})lanation of these experimental facts is described 
below (p. 6595) when dealing with the Albert 
reversal. 

An identification of the sensitivity specks with 
the ultra-microscopic specks of silver sulphide 
presumably produced on the grams by the 
decomposition of the addition compound with 
impurity thioureas from the gelatin (p. 549d) was 
made by Sheppard m 1925 With Tnvelli and 
Wightman (ibid. 1927, 67, 281), ho showed by 
successive photomicrographs the production of 
specks of silver sulphide on the grams of a 
photographic emulsion which had been bathed 
in 0*01% allylthiourea solution and then treated 
with alKah The sulphide specks wore produced 
at the same points on the grams as first showed 
specks of #he molecular addition compound, a 
point confirmed by the work of Hudson ( J. Amor, j 
Chem. Soc. 1927, 49 , 1814) on the macro scale I 


I with a fused mass of silver bromide suspended 
in allylthiourea solution. The speckwise pro- 
I duction of the addition compound was shown 
to be due to the autocatalytic nature of the 
reaction (Carrol and Hubbard, J. Res. Nat. Bur. 
Stand. 1934, 12, 329). 

The existence of development centres, and the 
postulated pre-existence of sensitivity specks at 
the same sites, still left unexplained the primary 
action of light. Indeed, a fundamental contra- 
diction emerged if the sensitivity specks were 
considered to play any direct part m the absorp- 
tion of light, since they could not be shown to 
have any influence on the spectral sensitivity of 
the silver bromide The number of develop- 
ment centres produced by exposures to three 
selected lines of the mercury arc spectrum (Toy 
and Edgerton, Phil. Mag. 1924, [viii], 48 , 947) was 
found to correspond to that calculated from the 
spectral absorption of silver bromide, while 
plates from which the sensitivity specks had 
been removed chemically weie found to have 
precisely the same relative spectral sensitivity 
as before, a spectral sensitivity which corre- 
sponded approximately with the spectral absorp- 
tion of gelatmo-silver bromide (S E. Sheppard, 
1925). From this it was concluded that the 
light w^as absorbed by, and was active in, the 
silver bromide crystal as a whole, but that 
the silver atoms i educed by the light were con- 
centrated by the sensitivity specks to yield the 
discrete latent imago specks. This famous con- 
centration speck theory (Sheppard, Tnvelb, 
and Loveland, J. Franklin Inst. 1925, 200 , 51) 
has been placed on a sound theoretical basis by 
the development of the quantum mechanics of 
tho crystal state in the succeeding 20 years 
The mechanisms proposed in 1925 and the im- 
mediately succeeding years were merely in- 
genious speculations, none of which gained 
general acceptaiuo. A new starting point for 
the problem of the latent imago followed from 
the treatment of the conduction of electricity in 
metals on the basis of the Fermi-Dirac statistics 
(Sommcrfiold, 1928; Bloch, 1928, 1930). This 
proved highly successful and led to the appli- 
cation of the same ideas to non-metallic erystals 
in an effort to explain the properties of in- 
sulators and semi-conductors (Wilson, 1931). 
According to this picture of tho crystal state, the 
electronic properties are to be ascribed to tho 
crystal as a whole. A potential energy diagram 
can be drawn for a hypothetical one dimensional 
lattice of the ionic type (such as silver bromide 
or potassium chloride) and appears as in Fig. 3. 
The discrete energy levels which alone can be 
occupied by an electron in a single isolated atom 
are found to have been broadened into bands 
by the fact of the association of the atoms with 
their neighbours in a close peiiodically varying 
potential lattice. Two atoms brought near to- 
gether are found, according to the equations of 
wave mechanics, to result m a splitting of each 
original discrete energy level mto two closely 
adjacent levels, an effect due to the wave- 
mechanical probability of an electron jumping 
through the potential barrier between the 
adjacent atoms. In a crystal of N atoms 
arrayed together the multiplicity of the levels 
becomes N-fold and may be considered as con 
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tinuously distiibuted in distinct energy bands 
Their power of accommodating electrons, how- 
ever, IS limited to N times the number of 
electrons that could be accommodated in 
the corresponding discrete energy level of the 
isolated atom. If a band is completely full, the 
electrons in that band are unable to move under 
the infli^ence of an applied electric field : if it is 
empty, it can contribute nothing to the con- 
ductivity. In the silver bromide crystal the 
association of the ions m the lattice is due to the 
transfer of the 6s valency electron of the silver 
atom to the vacancy in the 4p shell of the 
bromine atom In the crystal as a whole, 
therefore, at the absolute zero of temperature, 
the energy band corresponding to the 5s level 
of the silver atoms is empty, while the 4p energy 
band of the bromine lattice is completely full 
The crystal is an insulator. Electrons trans- 
ferred to the higher energy band by any means, 
heat or light, render the crystal conducting. 
Only light of sufficient quantum energy to raise 
an electron from the lower to the upper band is 
capable of producing photoconductance. This 
accounts for the spectral absorption bands of the 
silver (and alkali) halides, their transparency. 


on the other hand, being duo to the disallowed 
zones. In order to account for the permanent 
effects of radiation, however, it is necessary to 
assume (as was done by Wilson to explain the 
properties of semiconductors) the existence of 
traps, due to localised energy levels ab, cd, due 
either to the electron levels of impurity atoms or 
to irregularities in the lattice duo to minute 
cracks or discontinuities m the crystal, one 
special case of such discontinuity being the outer 
faces of the crystal (I. Tamm, Physikal. Z 
Sovietunion, 1932, 1, 722). These localised 
levels, if full, can furnish electrons into the 
upper conduction band by the aid of quanta of 
less energy than would be icijuired to raise 
electrons all the way from the low er band , if 
empty, they act as election traps Electrons 
moving in the conduction band fall down the 
potential hill into the trap, and will bo stable 
there unless lifted by thermal agitation or radia- 
tion of the right quantum energy into the con- 
duction band again. 

The coloration of alkali halide crystals by 
ultra-violet hght, as also the photographic latent 
image, was asciibed to this trapping of electrons 
m localised energy levels in the disallowed zones 
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of the crystal by Gurney in 1933 (Proc. Roy Soc 
1933, A, 141, 209). The idea was developed by 
Webb for the specific case of the silver bromide 
gram of the photographic emulsion (Phot. J. 
1937, 77, 142), but it was not until the insertion 
of the further idea of an electrolytic current suc- 
ceeding the primary photo-electric current 
(Gurney and Mott, Proc Roy. Soc. 1938, A, 164, 
151) that the theoretical conceptions became 
adequate to explain the known facts. The 
modern theory, which has been described in 
detail by Berg (Trans. Faraday Soc. 1943, 39, 
115; Reports of Progress in Physics, 1948, 
12), may be summarised as follows. Light 
incident on the crystal is absorbed both m the 
absorption band of the pure halide and also in 
the long wave-length tail, found in most speci- 
mens of silver halide, due to impurities and 
loosely bound ions at the surfaces of the crystal 
and at mtemal cracks and discontinuities in the 
lattice. The effect of each quantum absorbed 
is to transfer an electron from a bromme ion of 
the lattice into the conduction band, where it 
can move through the crystal at ordinary tem- 
peratures with A velocity of the order of 10^ cm. 
per sec. On the macro scale this effect is 
appreciated as photo-conductivity. A propor- 


tion of tlie mobile electrons is trapped by the 
electrons fallmg into lower energy levels pro- 
vided by impurity specks, a role which can be 
taken by specks of colloidal silver or silver sul- 
phide. Suitable specks of the latter substance 
are present ; they are the sensitivity specks of 
the preceding history. The speck thereupon 
becomes charged and attracts silver ions to it. 
These move through the crystal by virtue of its 
electrolytic conductivity, which is due to (a) tho 
movement of interstitial silver ions, which in 
silver bromide at room temperature can be 
shown to have a concentration of 10"® times that 
of the lattice ions , and (6), to the movement of 
holes, left m the structure by the movement 
of an ion mto an interstitial position. The 
mechanism of (6) is a replacement, ions in 
neighbouring normal positions jumping into the 
hole, their places being filled in turn. Tho 
activation energy for this process is of the same 
order as that required for the movement of 
interstitial ions. (jE 7=8,200 g.-cal. per g.-mol. for 
silver bromide.) This is dependent on tempera- 
ture but not on illumination. The neutralisa- 
tion of the charge allows further photo-electrons 
to fall mto the trap, and the speck g?ows as long 
as the illummation continues. By this means 
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the concentration speck theory is provided with 
a mechanism. 

The properties of silver halide which in com- 
bination make it the basis of the photographic 
process are therefore the long w^ave-length 
absorption “ tail,” which allows effective light 
to penetrate into the depths of an emulsion , the 
photo-conductivity, which is an expression of 
the internal photo-electric effect, the basis of 
the whole process, and which also allows the 
action of hght, absorbed over the whole eiystal, 
to be concentrated in one part of it ; and the 
electrolytic conductivity, which allows per- 
manent effects to result from the photo-electric 
curients 

The above thcoiy will obviously fail at the 
outset if the bromine atom which remains after 
the removal of an electron by hght into the 
conduction band is able to recombine with that 
electron either before or after it reaches the 
localised trap A portion of the photo -electrons 
18 undoubtedly lost by this process, but not all, 
since any bromine atom, in the course of its 
migration through the crystal by a process of 
successive electron jumps from ion to atom, has 
a high probability of cither reaching the surface 
of the crystal and combining with the gclatm, 
or, if it remains stationary at any time for a 
period of the older of 10“® second, of polarising 
the surrounding lattice whereby it becomes 
trapped The fiist probability is very high in 
any actual photographic emulsion Most of the 
absorption of light is believed to take place at 
the surface of the giains (the interior being a 
nearly perfect lattic'c), so that the bromine is 
released very close to the gelatin which can 
absorb it. 

Since the publication of the paper by Gurney 
and Mott in 1938, cxpeiimental testing of tlie 
theory has taken two main directions, viz , 
separation ot the effects of electronic and ionic 
conductivity by experiments at low tempera- 
tures, and investigation of the iopogiaphy of the 
distribution of latent image in the exposed silver 
halide gram. The low tempcratuie experiments 
have involved a study of reciprocity failuie, 
which is in effect a study of the lelative efficiency 
of the utiJisation of light energy at various 
intensities A material which shows no re- 
ciprocity failure gives the same density for the 
same exposure, whatever the manner m which 
the factors intensity and time making up that 
exposure may reciprocally vary. At ordinary 
temperatures nearly all actual inateiuils show 
reciprocity failure at both high and low in- 
tensities. Both at high and low intensity the 
material requires more energy to produce a given 
density than at some intermediate optimum 
intensity. Dosenbed m terms of the two-stage 
picture of latent image formation given by 
Gurney and Mott, high intensity failure is 
ascribed to the limited electric capacity of the 
sensitivity specks. The cloud of electrons 
released within the gram by the high intensity 
light cannot all be accommodated on the sensi- 
tivity specks at once, since the progressive 
neutralisation which enables a similar number 
of electrons to bo accommodated at lower m- 
tensities no longer occurs fast enough due to the 
comparative slowness of the ionic movement. 


Only a portion of the electrons released, therefore, 
can bo utilised, and only a portion of the light 
energy is effective. The experimental evidence 
suggests that the remaining photo-electrons are 
trapped m shallow traps* in the interior of the 
gram, where specks of internal latent image are 
formed normally inaccessible to the developer. 
Other specks too small to initiate development, 
but which are nevertheless stable, are formed 
both in the interior and on the surface of the 
grams. These suh-image specks can be brought 
up to latent image size, and high intensity 
reciprocity failure eliminated, by a subsequent 
exposure to very weak light. The electrons 
released by this additional light are trapped in 
the sub-image specks and cause them to grow 
by the ionic addition of silver in the normal 
manner 

At low temperatures the mechanism of the 
above high intensity exposures would be 
expected to be operative at all intensities, 
because of the failure of ions to neutralise traps 
charged up by the photo-electrons. Reciprocity 
failure is in fact found to disappear, because the 
distribution of the photo-electrons between 
internal and external traps and indeed the whole 
mechanism of latent imago formation, is similar 
for all intensities expeiirnentally available If 
the exposed material is kept at the low tempera- 
ture, which means that no ionic processes have 
succeeded on the electronic, the electrons can bo 
lifted from the shallow traps by red light and will 
then recombine with bromine atoms, and it is 
found that on warming up no latent image is 
formed. On the other hand, if the material is 
warmed up without additional exposure to red 
light, the electrons are lifted out of the traps by 
the thermal energy, but since at the same time 
the ionic mobility increases also (varying with 
temperature as the released electrons 

are able to fall into deeper traps, which by this 
time have lost their charge by the moving up of 
silver ions. The latent image thus formed in the 
deep traps cannot bo bleached by rod light at low 
temperatures The immobilisation of the ionic 
pioecsses at low temperatures is thus found to 
have the consequences required by the theory, 
namely, to prevent the action of light from having 
any permanent result. Permanent results come 
about only because of the fixation of the iirimary 
electronic action of light by the subsequent ionic 
process 

Low intensity reciprocity failure is ascribed to 
the instability of the sub-image specks first 
formed. The electrons of a small speck are but 
loosely held, and may escape again, whereupon 
the silver ions left on the speck will move back 
again into the lattice into interstitial positions. 
Such recombined electrons, and the quanta of 
light which produced them, are therefore lost to 
the photographic process. A slightly greater 
rate of production of photo -electrons enables the 
sub-imago speck to attam a stable size (cal- 
culated to be about half the size of a latent 
image speck capable of imtiating development, 
Webb and Evans, Phot. J. 1940, 80, 188), and 
all light absorbed by the crystal thereafter is 
utilised efficiently in the budding of a normal 
latent image. At higher intensities the growing 
specks quickly and efficiently attain the stable 
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size, accounting for the greater efficiency of light 
at the optimum. 

The practical importance of these facts can be 
demonstrated in various applications of photo- 
graphy. Thus the mefficiency of the very low 
intensity exposures common in astronomical 
photography can be largely removed by a pre- 
exposure to high intensity light of such duration 
that only ]ust stable sub-image specks are formed 
on the majority of grains. These grains yield 
no density on development, but nevertheless 
enable the subsequent dim light from the ex- 
posure proper to be efficiently utilised. As a 
curious result of this phenomenon, star images 
aUo\^cd to trail on the plate show a comet-shaped 
track. At one end the dim hght exposure (from 
the sky background) succeeds the exposure from 
the star image, and is efficiently utilised, at the 
other it precedes it and produces no permanent 
latent image. The density at the start of the 
trail IS therefore higher than at the end (Alter, 
Barber, and Edwards, Monthly Notices Roy. 
Astronom. Soc. 1940, 100, 529). Similarly, the 
efficiency of very short exposures at high in- 
tensity IS increased by a post-exposure to dim 
light The high intensity exposure produces 
large quantities of latent-image silver through- 
out the grains, which is not normally capable 
of initiating development. Those specks are 
brought up by the post-exposure to latent- 
image size. In both these technicpies of either 
pre- or post-exposure the intensifying exposure 
must be made immediately before or im- 
mediately after the exposure proper, to avoid 
sub-image fading. 

These phenomena resulting from the two- 
stage nature of latent-image formation have 
been invoked successfully to explain a number I 
of curious photographic effects, long known but 
inadequately understood, viz , the Olayden 
effect, whereby a very high-intonsity exposure 
desensitises the grains for a subsequent moderate- 
intensity exposure (giving “ black lightnmg ” in 
photographs of thunderstorms). This is due to 
internal sub-image and latent-image specks 
formed by the high intensity light acting as com- 
petitive traps for the electrons released by the 
subsequent moderate exposure. This internal 
imago IS not normally accessible to an ordmary 
developer, so that the surface traps, which alone 
can initiate development, do not receive so 
many electrons as normally from an equal 
exposure. The Albert reversal, whereby grains 
given a heavy exposure and then treated with 
oxidising agents are found to bo desensitised for 
a subsequent additional exposure, is a similar 
phenomenon. The oxidising agent destroys the 
surface latent-image, but does not touch the 
mtemal latent-image, which then acts as a 
competitor for the photo -electrons of the second 
exposure as in the Clayden effect above (G. W. W. 
Stevens, Phot. J. 1939, 79, 27). The ViUard 
effect, m which exposure to Z-rays desensitises 
the grains for subsequent exposure to light, is 
similarly explained as a special case of the 
Clayden effect. 

The mechanisms proposed above for the 
Clayden, Albert, and VUlard effects would be 
merely speculative were it not for the develop- 
ment of techniques for distmguishing between 


surface and mtemal latent-image. Basing their 
work on ideas first applied by Kempf (Z. wiss. 
Phot. 1937, 86, 235), Berg, Marriage, and 
Stevens (J. Opt. Soc Amer. 1941, 3^1, 385) 
devised methods for developing only grams 
which carried a surface latent-image (by the 
use of a developer containing no silver halide 
solvent), and for developing only grams which 
carried an internal latent-image (by the use of 
a bleach which dissolved only the external latent- 
image, followed by a solvent-containing developer 
which gradually etched the surface of the grams, 
and developed the remainder when a speck of 
internal latent-imago was reached). Previous 
confusion in the study of these odd photographic 
effects has been largely cleared up by the use of 
these methods. Most commercial developers 
contain silver hahde solvents and thus develop 
grams with either external or internal images or 
both, if given time. When the images are dis- 
tinguished in this way, the density duo to the 
internal latent-image is found to increase con- 
tinuously as the intensity factor I in the constant 
exposure It mcreases, while the reverse is true 
for the surface latent-imago. This is simply to 
say that high intensities favour the production of 
internal latent-image, a result to be expected on 
the theory outlmed above. 

In conclusion, it needs to be stated that many 
points of the above qualitative theory require to 
bo put on a firm quantitative basis, while a 
number of riddles remain for which the explana- 
tion IS obscure The fate of the bromine, the 
exact significance of digestion, the mechanism of 
dye sensitisation, as yet are only paitly under- 
stood. 

III. DEVELOPMENT OF THE LATENT 
IMAGE. 

Daguerre made the epochal discovery (m 1835, 
although announcement was not made until 
1839) that a still invisible image formed by the 
action of light upon silver iodide could be trans- 
formed into a visible image by fuming the 
exposed material with mercury vapour. Some- 
what later (1840), the Rev. J. B. Reade and, 
independently. Fox Talbot, showed that the 
latent image produced by exposure of paper 
impregnated with silver chloride could be 
developed by brushing the paper with a mixture 
of gallic acid and silver nitrate. Russell (Brit. 
J. Phot. 1862, 9, 425) published the first account 
of development by an alkaline pyrogallol solu- 
tion — ^the forerunner of the modern alkalme 
developer — and Berkeley {ibid, 1882, 29, 48) 
suggested the important addition of sodium 
sulphite. The majority of the developmg agents 
used to-day were already known by the end of 
the nineteenth century, primarily through the 
work of Andresen, the brothers Lumiere, Abney, 
Eder, Toth, Hauff and Bogisch (c/. Stenger, 
“ History of Photography,” Mack Printing Co., 
Easton, Pa., 1939). 

Modem photographic development is es- 
sentially an amplifixjation of the latent-image 
matenal, brought about by a selective reduction 
of silver salt. The amplification generally 
amounts to several powers of ten. Two types 
of developmg processes may be distinguished. 



560 


PHOTOGRAPHY. 


In the first type, the reduced silver is deiived 
from the silver halide of the emulsion, and the 
process is termed (rather ambiguously) “ chemi- 
cal development.” In the second, the reduced 
silver is denved either wholly or m part from a 
soluble silver salt contained in the developing 
solution. This process is termed (inoorrectly) 
“ physical development.” In the subsequent 
discussion the term “ development,” used alone, 
refers to the more common and important 
” chemical development.” 

Development is essentially a kinetic phenome- 
non. Although the conventional developer can 
reduce all the silver salt in the unexpoaed areas 
of an emulsion if given sufficient time, reduction 
takes place more rapidly in th^ exposed areas. 
With a properly exposed emulsion of com- 
mercial quality, a good image can be developed 
in a time which is too short to allow reduction 
of more than a small amount of the silver halide 
in the unexposed areas. The developed silver 
m the exposed regions may show morphological 
diffeiences from that formed in the unexposed 
regions, but the time factor is still the primary 
one m development. 

The conventional alkaline developer contains 
(a) the developing agent proper, (6) sodium sul- 
phite or its equivalent, (c) an alkali (such as 
sodium hydroxide, carbonate, borate, or meta- 
borate) to adjust and buffer the hydrogen ion 
activity, and (d) often potassium bromide to 
restrain fog formation (reduction of unexposod 
silver halide). Other additions may be made 
for special purposes. 

Several empirical correlations between the 
structure ot a reducing agent and its ability to 
act as a developing agent have been suggested. 
None includes all developing agents, but 
Kendall’s (IX Congr. Intern. Phot., Pans, 1935, 
227) is widely applicable. Kendall associates 
developer activity with the structural group, 
a-{C—C)n-l>y where (C = C) is the vmylene group- 
ing, n 18 zero or an integer, and a and b may be 
hydroxyl, ammo-, or substituted ammo-groups 
The following examples illustrate the classifi- 
cation : 

71=0 : Hydroxy lamine, hydrogen peroxide, 
hydrazmo 

w=l : Catechol, pyrogallol, ascorbic acid, o- 
ammophenol, l-amino-2-hydroxynaphthalene-6- 
sulphonio acid (” Eikonogen ”). 

n—2 Hydroqumone, chlorhydroquinonc, p- 
aminophenol, monomethyl-p-aminophenol (the 
sulphate of which is known as ” Metol,^ ” Eton,*' 
etc.), p-hydroxyphenylglycine (glycin), 2 4- 
diaminophcnol (the hydrochloride is ” Ainidol ”), 
;p-phenyIcnodiamme. 

w=3 : Hydrococrulignone. 

When the agents are aromatic compounds, a 
and b he m ortho- or ^lam-positions to each other 
Various substituents may be introduced into the 
nuclei without destruction (although usually 
with some modification) of the developing 
properties. Among these substituents are . 
additional hydroxyl and ammo-groups, alkyl 
and alkoxy-groups, halogen atoms, and the sul- 
phonic acid group. 

Exceptions to the Kendall classification in- 
clude sodium hydrosulphite, trioxymesitylene. 


and a group of agents characterised by a valence 
change of a metal during oxidation (c/. Kzym- 
kowski, Phot. Ind. 1941, 39, 497). Various 
ferro- and molybdo-complex ions, such as the 
oxalates and malonates, are representative of the 
group, which mcludes the historically important 
“ferrous oxalate,” Fe(C 204 ) 2 . Even a simple 
ferrous sulphate solution acts as a developer 
when a suspension of zinc dust or iron powder is 
maintained to reduce the ferric ion as it forms 
(Ammann-Brass, ibid, 1937, 35, 827). 

During development hf the aromatic agents, 
oxidation products (quinones or qumone-immes) 
are formed which, if not quickly removed, often 
imdergo subsequent reactions leading to the 
formation of highly coloured substances. Similar 
substances are formed m the aerial (oxygen) 
oxidation of the developing agents Such 
coloured substances can seriously stain the 
photographic material. Sulphite m the de- 
veloper serves the dual purjiose of preventing 
the formation of the staining material and of 
generally retarding the aerial oxidation of the 
developing agent. Both etlects apparently are 
associated with the ability of the sulphite to 
react with a qumone or quinone-imine in alkaline 
solution, formmg a soluble and often colourless 
sulphonate. Thus, when hydroqumone reacts 
with silver bromide in the ptesenco of sufficient 
sulphite, hydroqumone monosulphonate is 
formed in a reaction which can be represented 
stoichoiometrically (Lehmann and Tausch, Phot. 
Korr. 1935, 71, 17) as follows 



O 



+ 2Ag + 2HBr 


O 


O 



+ NaaSOg-b H2O 


O 



Reactions of many of the other aromatic 
devclopmg agents follow a similar com so when 
sulphite 18 present (ISeyewctz and 8zymson, Bull. 
Soc. chim. 1933, [ivj, 53, 1200; 1934, [v], 1, 
1506). When the developing agent re.icts with 
oxygen, the qumone or quinone-immo formed 
can act as a catalyst, and the inhibitor action of 
sulphite upon oxygen oxidation is due (at least 
m part) to the removal of the catalyst (James 
and Weissberger, J. Amer. Chem. Soc. 1939, 61, 
442). 

Mechanism of Development. — The silver 
halide gram acts as a unit m. development, and 
the mechanism of development must be con- 
sidered in terms of the mdividual grain. The 
presence of one or more suitable latent-image 
centres m a given gram increases the initial rate 
at which the developing agent attacks the grain. 
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Reduction of such a grain starts at one or more 
discrete spots (correspondmg, presumably, to the 
latent-image centres) on the gram surface, and 
thence proceeds throughout the gram as an 
auto-accelerated process. The silver formed 
acts as the accelerator. How largo a nucleus 
must bo before its presence on the grain surface 
materially effects the start of reduction, and 
whether the silver atoms m that nucleus must 
be in some particular configuration, are questions 
still open to speculation. However, there is 
evidence that in the region of low exposure, the 
removal of one silver atom from an average 
latent-image centre will quite measurably 
decrease its effectiveness (Kornfeld and James, 
J. Opt. Soc. Amer. 1943, 33, 615). 

Most mvcstigators are m agreement that, m 
the absence of appreciable silver halide solvent 
action, the major portion of the development 
reaction takes place at or veiy near the interface 
between the silver and the neighbouring silver 
halide. However, there are diverse opinions as 
to why the reduction occuis more readily at the 
interface than at any other poi tion of the gram 
surface. One assumption is that a transfer of 
electrons from developing agent to silver metal 
takes place more easily than to silver hahde, 
and the silver acts primarily as an electrode 
Bagddsar’yan (J Phys. Chem. Russ. 1943, 17, 
336) assumes that the rate of reduction of silver 
ions at the interface is controlled by the rate of 
transfer of electrons from the developing agent 
to the silvei nucleus His quantitative formu- 
lation, howevei, is m only partial agreement 
with the experimental results. Gurney and 
Mott assume that only interstitial silver ions 
are reduced at the supposed electrode, but 
seiious objections to this view have been raised 
{cf S. E. Sheppard, “ Colloid Chemistry,” edited 
by J Alexander, Remhold Publ Co., New York, 
1944, Vol. V, p. 472, James and Kornfeld, 
Chem. Rev. 1942, 30, 1). 

Several mvestigatois have treated develop- 
ment as a matter of heterogeneous catalysis 
(Sheppard and Meyer, J. Amer. Chem Soc 
1920, 42, 689; Volmer, Z wiss Phot. 1921, 20, 
189 , Rabinovich, ibid 1934, 33, 94 , James and 
Kornfeld, l,c,), Sheppard and Moyer suggested 
that the silver facilitates the decomposition of 
an adsorption complex formed between develop- 
ing agent and silver ions. Rabinovich believed 
that adsoiption of the developmg agent to silver 
IS of primary importance, but his supporting 
experimental evidence is unconvincing because 
of the large experimental error involved (Shep- 
pard, op. cit.). Kinetic studies of the reduction 
of silver ions from solution m the presence of 
colloidal silver do indicate adsorption of hydr- 
oxylamme and j)-phenylcnediamme, but do not 
indicate adsorption of hydroqumone. 

The rate of reduction of silver ions from solu- 
tion by hydroquinone and hydroxylamme varies 
with a fractional power of the silver-ion con- 
centratioh when colloidal silver is present as 
catalyst (James and Kornfeld, l.c.)y and James 
suggested that adsorption of the silver ions to 
the silver permits the reaction to proceed with 
less energy of activation. Results obtained in a 
study of the reduction of silver hahdes, both 
gelatin-free and m the presence of gelatin, sup- 
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port this view. Satisfactory measurements of 
the activation energies mvolvod have not been 
made, but the temperature coefficients which 
have been determined are considerably smaller 
for the catalysed than for the uncatalysed re- 
actions, and the oxidation product is even 
different for the two reactions in the case of 
hydroxylamme (James, J. Amer. Chem. Soc. 
1942, 64 , 731). Agents which apparently reduce 
silver ions directly with little or no energy of 
activation (e gr., sodium stannite, desylamine) 
are not developers. 

The precise course of development may be 
modified by the presence of a sdver halide sol- 
vent in the developer. (Even sodium sulphite 
exerts sufficient solvent action to be of import- 
ance in many cases.) If some of the silver halide 
passes into solution befoio it is reduced, silver 
ions from the solution may subsequently con- 
tribute to development by being reduced at tlio 
silver nuclei of the developmg grains. If con- 
ditions are such that this process takes place to 
any very large extent, the form of the silver 
deposit and the rate of development may be 
changed {cf. section on “ fine grain ” develop- 
ment, p. 5636). 

The electrical environment surrounding the' 
silver halide grains is of some importance in 
determining the course of development. Excess 
halide ions are adsorbed to the halide grains, 
producing an excess negative charge on the sur- 
face. Many of the developing agents are active 
only 111 the form of negative ions, and the charge 
at the gram suifaco acts as a barrier to tlie 
approach of the developer ions The barrier is 
probably weakened in the vicimty of the latent - 
imago nuclei (de Langhe, Z. wiss. Phot. 1936, 35, 
201), so that the ions approach the surface more 
readily at those spots. This charge effect cannot 
bo the primary reason for the differential action 
of developers, however, since many good develop- 
ing agents are known to act in the form of 
neutral molecules. The most important effect 
of charge barriers (from both bromide ions and 
gelatm) is upon the kinetics of development by 
ionic agents. 

The appearance of the developed silver may 
vary considerably with the conditions of develop- 
ment and with the nature of the original gram 
However, electron micrograms of partly and 
completely developed grains show that the silver 
obtained in normal development has an irregular 
and filamentary fine structure (Ardenne, Z 
angew. Phot. 1940, 2, 14; Hall and Schoen, 
J. Opt Soc. Amor. 1941, 31, 281). Extremely 
small grams, such as those of the Lippmann 
emulsion, often are converted into single, thin 
filaments which in length may exceed by sever.il 
times the diameter of the original gram. The 
filaments formed m development appear to be 
silver crystals which have grown chiefly in one 
dimension (Jelley, J. Phot. Soc. Amer. 1942, 8, 
283). Migration of the newly reduced silver 
atoms along the silver surface is probably in- 
volved in the formation of such crystals (James, 
J. Chem. Physics, 1943, 11, 338, Berg, Trans. 
Faraday Soc. 1943, 39, 115). 

Kinetics of Development.— Meidinger, in an 
investigation of the development of (atypical) in- 
dividual silver bromide grains in a metol-hydro- 
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quinone solution (Physikal. Z. 1935, 86, 312), ] 
found that : the rate of initiation of develop- 
ment, ki, increased with mcreasmg light exposure 
in the normal exposure region and decreased m 
the solansation region ; the rate of continuation 
of development throughout the grain, kc^ was 
independent of exposure ; both rates decreased 
with mcreasmg bromide ion concentration, but 
the decrease m k^ was relatively much greater 
than in kc at low bromide concentrations ; both 
rates increased with increasing pH and developer 
concentration. Rabinovich, Bogoyavlenski, and 
Zuev (Acta Physicoohim, U R.S.S. 1942, 16, 
307) found that the radius of the visible darken- 
mg area varied exponentially with time of 
development in a hydroqumone solution, i e.. 

Under certain hmited conditions, the kinetics 
of development of a single gram are sub- 
stantially those of development of the entire 
group, re., of gross development of the emul- 
sion. This IS true for a simple, heavily exposed 
motion-picture positive film developed in a sul- 
phite-frco hydroqumone solution of pH 8-9 
(James, J. Physical Chem. 1940, 44, 42). The 
development rate vanes approximately as the 
square root of the concentration of the bivalent 
ion (the actual developmg agent), suggesting 
adsorption of that ion prior to reaction. The 
evidence is against adsorption to silver, so 
the adsorbent probably is the silver halide or 
the interface. 

In the more general case, the rate of develop- 
ment measured by the growth of density or 
gamma (defined m Section V, p. 568a) is often 
a complex quantity. The change in density as 
development progi esses may result primarily 
from a change in the size of the particles of 
developed silver, from a change in the number 
of developed giams, or from a mixture of both. 
Usually, it 18 impossible from the published data 
to interpret the gross rate of development 
(piantitatively in terms of the individual grains 
I'his IS true lor most of the results reported in 
subsequent paragraphs, ■y^here only gross rates 
are available. 

The kinetics of gross development may vary 
with the nature and amount of exposure, and 
with the nature of the photographic material 
itself. In rapid development, where diffusion 
rates are of importance, the rate of development 
increases with increasing agitation (I\cs and 
Jensen, J. Soc. Mot. Pict. Eng. 1943, 40, 107), 
and the tendency towards unevenness, such as 
streakmg, decreases. Wetting agents are some- 
times of use in promoting more uniform develop- 
ment. Increase in the concentration of the 
developing agent produces an increase in the 
rate of development, provided pH is kept con- 
stant. Increase in pH usually produces an 
increase in rate (the ferro-oxalate type of 
developer is an obvious exception). Some 
developers are much more sensitive to changes 
in pH than others, and the agents vary con- 
siderably as to the pH range useful under 
practical conditions (Reinders and Beukers, Ber. 
VIII Int. Kongr. Phot., Dresden, 1931, 171; 
Burki and Ostwalt, Helv. Chim. Acta, 1939, 22, 
30). Among the agents containing hydroxyl 
groups, the effect of pH is associated primarily 


with the ionisation of those groups. The ions 
are the active developing agents, and a change 
m pH changes the effective concentration. The 
dependence of rate upon pH for solutions con- 
tainmg p-phenylenediamine derivatives is less 
clearly understood. It has been demonstrated, 
however, that the oxidation products of those 
agents retard development, and possibly an 
increase in pH accelerates development simply 
by increasing the rate of removal of the oxidation 
products (James, J. Physical Chem. 1939, 43, 
701). 

Bromide decreases the rate of development, 
and the effect, especially among the charged 
agents, is more pronounced at low exposures 
than at high Small amounts of bromide 
(0 05 M or less) usually decrease the rate of fog 
formation to a greater extent than the rate of 
image development, and bromide is used as a 
“ fog-restrainer ” for this reason High con- 
centrations of bromide, paiticularly when used 
in high-activity developers, may actually in- 
crease fog formation, however, presumably 
because of the solvent action upon the silver 
bromide. Certam organic substances, such as 
6-nitrobenzimidazole and benzotriazole, are also 
useful as fog restrainers under certam conditions 
(Tnvelli and Jensen, J. Franklm Inst 1930, 210, 
287 ; 1931, 212, 155). 

The effect of the bromide charge-barrier upon 
the kmetics of development is pronounced in the 
early stages of the piocoss. The existence of an 
induction period has boon explained on the basis 
of a localised decrease in the relative magnitude 
of the bromide barrier as development proceeds 
(James, l,c,). The doorcase m the barrier results 
in an increase m the percentage of developer 
ions which possess suflicient kinetic energy to 
penetrate the barrier and reach the reaction site. 
The duration of the induction period is in- 
creased relative to that of the later stages of 
dovcloiiment by an increase either in the charge 
of the developing agent or in the initial magni- 
tude of the bromide barrier. 

The rate of development increases with the 
temperature of the solution, but excessive 
softenmg of the gelatin imposes an upper limit 
on the temperatures which can be used in 
practical development. The temperature co- 
efficient depends upon the nature of the develop- 
ing agent, the composition of the solution, and 
often the nature of the emulsion. The co- 
efficient for commercial developers often 
decreases with increasing pH (Burki and Jenny, 
Helv. Chim Acta, 1943, 26, 2264) and increases 
with increasing bromide ion concentration. 

Frequently, two developing agents may bo 
used to advantage in the same solution The 
commonly employed metol-hydroqumone de- 
veloper combmes desirable features of each 
component The metol starts the development 
of the individual grains, and the hydroqumone 
plays a more prominent part in the later stages. 
The flexibility of the combination is so great 
that it has been used in developers designed for 
practically every requirement within the scope 
of black and white photography. The rate of* 
development by the combmation is generally 
greater than would be predicted from a simple 
addition of the individual rates. This non- 
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additive property is associated with the charge 
effect (James, J. Phot. Soc. Amer. 1943, 9 , 
62). 

With repeated use, a developer gradually loses 
its activity. The concentration of developing 
agent decreases, the pH generally decreases, and 
halide ion accumulates. Aeration of a hydro- 
quinone developer will tend to increase the pH 
(Crabtree and Schwingel, J. Soc. Mot. Pict. Eng. 
1940, 84, 375), but in practice this seldom suffices 
to ofiset the decrease which accompanies reaction 
with silver halide. If the activity of the 
developer is to be maintamed at a constant level, 
a replenisher must be added as needed. The 
composition of the replenisher and the rate of 
addition to the developer depend upon the 
developer itself and the conditions under which 
It IS being used (c/. Evans, ibid, 1938, 31, 273). 

Physical Development. — Physical develop- 
ment m its simplest form follows the fixation 
process. The silver halide is first dissolved 
(fixed) out in alkalme thiosulphate solution or 
in some other solvent which will not seriously 
attack the latent image during fixation. The 
imago is then developed in a solution consisting 
of a reducmg agent, a soluble silver salt, and 
cortam substances which act to maintain the 
proper silver and hydrogen-ion activities. With- 
m certain hmits, the mass of developed silver is 
proportional to the number of suitable latent 
image centres (Arens and Eggert, Z. Elektro- 
chom. 1929, 35, 728 ; Arens, Z. wiss. Phot. 1932, 
31, 68). The mechanism is probably that of a 
catalysed reduction of silver ions at the silver 
nuclei. The term “ physical ” development is 
definitely a misnomer. 

In a modified form (pre-fixation physical 
development) the silver hahde is not dissolved 
out first, but the developing solution contains a 
strong silver-hahde solvent which dissolves the 
halide as development proceeds (c/. Odell, Brit. 
J. Phot. 1933, 80, 286, 303). Both the silver 
halide and ftie silver salt originally present m the 
developer contribute to the final image. 

Fine-grain ** Development. — “Graini- 
ness ” refers to the observer’s visual impression 
of non-uniformity of the photographic deposit. 
p-Phenylenediamine is the outstandmg develop- 
ing agent which yields low grammess (i.e., fine- 
grain). The strong solvent action of the diamine 
is undoubtedly of importance in this effect. 
Many pomts of similarity with physical develop- 
ment (which generally gives low graininess) are 
observed, and electron micrograms of the silver 
formed m the two cases show a similarity in 
structure of the developed gram, with no evi- 
dence of filament formation m either. 

In the case of other developing agents, fine- 
grain is largely a function of the composition of 
the developing solution. Solutions havmg low 
or moderate rates of development often give 
reduced graminess when certain silver halide 
solvents are present (although the -results 
obtained may vary markedly with the emulsion 
employed). Useful solvents include sodium sul- 
phite (m large amounts), certam orgamc amines 
(e.gr., m-phenylenediamine), and potassium or 
ammonium thiocyanate. In all cases where a 
decrease is produced, however, it is achieved only 
at a sacrifice in effective emulsion speed. 


Reversal . — Reversal development is a method 
of obtammg a positive image on the same film 
as that used for the origmal exposure. The first 
step consists m developing the negative imago 
fully. The film is then washed briefly and trans- 
ferred without fixmg to an acidic potassium 
permanganate or dichromate bath whore the 
developed silver is dissolved out. A clearing 
bath, usually containing sodium bisulphite, is 
used to remove the bleaching agent and reaction 
products, and the remaining silver halide is then 
exposed and developed to give the positive. As 
a moans of rectifying faulty camera-exposures, 
the amount of exposure prior to the second 
development is usually controlled. Thus, if the 
film were underexposed in the camera, too much 
silver halide remains after the first development. 
Compensation is effected by using a small 
secondary exposure, so that only a portion of the 
silver halide remaming will bo reduced during 
the second development. An alternative method 
of compensation depends upon varying the time 
of immersion in a primary developer which con- 
tains a small quantity of thiosulphate or other 
strong silver-halide solvent. If the camera ex- 
posure wore too small, a portion of the un- 
developed silver halide can bo dissolved out by 
a long immersion in the primary developer, thus 
decreasing the amount available for secondary 
development. In some cases of reversal develop- 
ment, it is desirable to ohminato the necessity of 
a secondary exposure, and this can be accom- 
phshed by using a highly-fogging developer or a 
non-seloctive reducer for the second “ develop- 
ment.” 

Reversal development is often used in pro- 
cessing amateur sub-standard motion-picture 
film. Only one film is required instead of the 
two demanded by the normal negative-positive 
process. In addition, somewhat lower grami- 
ness may be obtained because the larger, more 
sensitive grains are elimmatod during the 
primary development and bleaching. 

IV. THE FIXATION AND PERMANENCE 
OF PHOTOGRAPHS. 

The primary action of the fixing bath is to 
remove the silver halide unchanged by the 
developer. It thus “ fixes ” the image and 
the record is stable on further exposure of the 
material to light. While a number of agents 
have boon used for this purpose m the history 
of the art, modern commercial practice rehos 
almost exclusively on solutions of sodium thio- 
sulphate. This reagent is cheap, non-poisonous, 
and readily made up into fixing baths. The 
action IS due to the formation of soluble complex 
ions with the silver ions of the silver hahde. The 
complex ion has a very low dissociation factor, 
and consequently the silver ions which result 
from the shght solubility of the silver halide are 
removed from the field as fast as they are formed. 
The silver hahde therefore goes on dissolving 
since the product of the silver and halogen ion 
concentrations never reaches its solubihty 
product. 

The nature of the salts of argentothiosulphuric 
acid formed m a fixmg bath has been the subject 
of a number of investigations. Bassett and 
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Lemon (J.C.S. 1933, 1423) showed that only the 
following salts exist in contact with solutions of 
suitable composition : 

(a) NagAg ( 8203 ) 2 , 2 HgO, readily soluble in 
water; (b) Na 5 Ag 3 ( 8303 ) 4 , 2 H 2 O, readily sol- 
uble ; (c) N a AgS203,H20, sparingly soluble , 

and (d) NaAg 3 ( 8203 ) 2 ,H 20 , very slightly 
soluble. There is evidence that in solution the 
above compounds yield only the negative 10 ns 

(^2^3)2 » ^^(^2^3)3 * 

In addition to dissolving the unchanged silver 
halide, the fixing bath must allow the silver 
complexes to be washed out of the material 
without decomposition on dilution, must not 
appreciably attack the image of finely divided 
silver, and must tolerate without adverse effects 
the addition of developer absorbed in and on the 
photographic material placed in it. It is further 
desirable that development should be instantly 
arrested on placing the material in the bath 
This avoids patches of extra development at 
places where the access of the fixing bath is 
partly obstructed by local contacts with the 
walls of the vessel or the surfaces of other photo- 
graphs, and prevents stains due to the continued 
reduction of silver after it has gone into solution 
m the bath, or to oxidised developer itself. 
Practical considerations as to the speed of fixa- 
tion, the life of the bath, and its stability on 
storage with or without use must also bo met 
The incorporation of an agent which haidens 
the emulsion is also often of the greatest practical 
utility. 

The various acid and acid-hardening fixing 
baths now in general use have resulted from 
attempts to meet these requirements No 
special means are needed to avoid decomposition 
of the silver complexes on washing , it is a for- 
tunate circumstance that the silver-thiosulphate 
complexes arc removable by water without any 
precipitation. Some attack on the finely divided 
silver does occur, but is of no practital im- 
portance m ordinary photography except in 
strongly acid baths, containing from 5-10% of 
sodium thiosulphate, m the presence of air To 
stop continued action of the dcvclopci the bath 
IS made acid. As the thiosulphate is unstable 
in the presence of acids, depositing sulphur, the 
bath can only be given an acid reaction by the 
simultaneous addition of a weak acid, such as 
acetic, and a sulphite. According to the work 
of Bassett and Durant {tbid» 1927, 1401), thio- 
sulphuric acid, in the range of acidity en- 
countered in fixing baths, decomposes in two 
ways, according to the equations ; 

2 H 282O3 21^28034' S2 . (1) 

and 

2H28203^H2S4-H2830e . (2) 

Both these reactions tend to go from left to right 
in acid solutions, but ( 1 ) proceeds much faster 
than (2). The trithionate product of (2), how- 
ever, can react with the sulphur to form tetra- 
thionate and pentathionate. The added sul- 
phite acts by shifting the equilibrium of the 
reaction ( 1 ) from right to left, thus allowing the 
products of the slower reaction ( 2 ) to react with 
the sulphur formed, thus keeping its concentra- 
tion below the precipitation limit, for the neces- 
sary length of time. 


It is evident, however, that the above balance 
will only be mamtamed within a certam pH 
range. If the bath is made tot) acid, no practic- 
able addition of sulphite will prevent its early 
sulphurisation. On the other hand, the bath 
must be acid enough to stop development. The 
limits thus set to the pH range may be further 
narrowed by the requirements of some other 
ingredient, such as alum, added for hardening 
purposes. For economic reasons this narrow pH 
range must be nevertheless accompanied by a 
large reserve of total acidity, or the bath will be 
neutralised by the developer carried over on the 
photographic material long before its fixing 
powers are exhausted. 

These conditions are met by ensuring that the 
solution has a very considerable buffer action. 
In practice the lower hmit of pH is set by the 
tendency of the bath to precipitate sulphur and 
this IS kept under control by the use of a weak 
at id, such as acetic, while the upper limit is 
determined by the disappearance of the harden- 
ing properties of the added alum or the onset of 
“ sludge,” a gelatinous precipitate of hydrated 
aluminium sulphite To avoid these adverse 
effects of neutralisation by developer it was at 
one time the practice, in large commercial 
establishments, to revive the fixing bath 
periodically by the addition of further acetic 
acid, so as to maintain its pH always below 
4 8 In a bath with an addition of boric acid, 
however, the pH may rise to 6 5 before hardening 
becomes insufficient and to 8 0 before sludging 
sets in (H. D. Russell and J I Crabtree, J Soc. 
Mot Pict. Eng 1933, 21, 137) The improve- 
ment IS due to the formation of a complex co- 
ordination compound between the bone acid, 
the avctic acid, and the aluminium. ISuch baths 
can bo worked until discarded for failure to fix 
(without revival with acid). Baths with chrome 
alum as haidemng agent require to bo revived 
periodically with sulphuric acid and lose their 
hardening properties on storage wittf or without 
use 

The speed of fixation is found to increase up 
to a sodium thiosulphate (“ hypo ”) concentra- 
tion of 30-40%. It varies markedly with the 
gram size and iodide content of the emulsion, 
being greater if these are small, and is much 
mcreased by agitation and by rise of tempera- 
ture. As the bath is exhausted the rate of fixing 
falls off duo to consumption of hypo, dilution 
with water earned in with the material, and ac- 
cumulation of dissolved silver. In practice the 
bath IS usually discarded as too slow before the 
silver has accumulated to such a degree as to 
endanger the whites of the image (on negative 
materials) by subsequent breakdown of retained 
silver complexes. The use of ammonium thio- 
sulphate, or the addition of ammonium salts to 
the bath, gives quicker fixation. 

In a fresh bath fixation is complete (in the 
sense that all the unreduced silver can be 
removed from the material by water alone), 
when the visible turbidity due to undissolved 
silver hahde has disappeared. With partially 
exhausted baths there is an apparent mordanting 
of complex silver-bearing 10 ns by the gelatin 
requirmg much longer immersion or preferably 
a second fresh bath to ensure their complete 
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removal by water. In the case of paper prints 
particularly, this mordantmg to the gelatin, 
baryta coat and paper fibres may lead to stained 
whites after keeping and the practice of passing 
prmts to a second fresh bath aids matenally in 
ensuring the complete removal of silver salts in 
the wash water. 

Washing. 

In order to ensure permanence of untoned 
silver images, washing must bo complete. In its 
absence, the silver image is slowly transformed 
into an unpleasant yellow-brown image of silver 
sulphide, while the high-hghts become stained 
by the breakdown of the argentothiosulphates 
to silver sulphide. Ideal washing, in which the 
fiow of water over the face of an emulsion is 
sufficient to remove the thiosulphate ions as fast 
as they escape from the gelatin, will reduce the 
thiosulphate concentration of materials on im- 
permeable supports to a sufficiently low level 
in some 6 minutes Practical washing apparatus, 
in which the hypo cannot be considered to be 
diffusing from the gelatin into clean water, 
requires longer times depending on the design of 
the apparatus Provided that the design is such 
that the volume of the wash water is the least 
necessary to cover the materials, and that it is 
changed frequently by complete draining and 
refilhng, or by vigorous continuous flow, washing 
of materials on impermeable supports at tem- 
peratures of 16-2^0. IS complete in some 30 
minutes. Elimination of hypo is favoured by 
increased temperatures, and is somewhat more 
rapid from films and plates fixed m a noii- 
hardening fixing bath, particularly at pH values 
below 5 (Crabtree, Eaton, and Muehler, ibid 
1943, 41, 9). The use of these last two ex- 
pedients is limited by the danger of excessive 
Hwelhng and reticulation. Sea water will remove 
the hypo faster than fresh, while the addition of 
ammonia to the wash water, or as a preliminary 
bath, will reduce the time of washing by 50%. 

The complete washing of paper prints is both 
more difficult and more irnpoitant. The fine- 
grained image is much more susceptible to 
fading, while the paper and the baiyta coat 
retain small amounts of thiosulphate with great 
tenacity. Even washing times of 20 hours do 
not remove all the hypo, leaving quantities 
sufficient to cause fading under conditions of 
high humidity and temperature, as in the tropics. 
For the utmost permanence, therefore, the last 
traces of hypo must be removed by a chemical 
bath. Alkalis alone, by brmging the amphoteric 
colloids of the paper to the alkaline side of their 
isoelectric pomts, are sufficient if sufficiently 
applied (e.gr., 0 3% ammonia applied for 45 
imnutes). Faster treatment is attained by the 
simultaneous use of hydrogen peroxide, which 
in the alkaline environment oxidises the thio- 
sulphate completely to sulphate (Crabtree, 
Eaton, and Muehler, Phot. J. 1940, 80, 458). 
Even prints so treated are hable to fade owing 
to the action of hydrogen sulphide m the 
atmosphere. This action can be greatly reduced 
by varnishing the surface of the print or better 
by superficial plating of the silver grains with 
gold in a gold toning bath, or both. 

For the ordinary prmts of commerce the' 


reduction of the residual hypo to 0*002 mg. per 
sq. in. for chloride papers, and to 0*02 mg. per 
sq. in. for chlorobromide papers, is sufficient to 
cater for their usually ephemeral interest. This 
can be achieved without the use of hypo elimi- 
nators. In commercial practice, it is easy to 
recontaminate prints after the use of hypo 
eliminators, leading eventually to patchy fading 
more obnoxious than the uniform fading it was 
desired to prevent. 

Another solution to the problem of per- 
manence is to tone the silver image to silver 
sulphide, selonide, or telluride in an appropriate 
toning bath. The direct method of sulphide 
toning most used is known as “ hypo-alum ” 
toning. It depends upon toning by colloidal 
sulphur produced in a warm bath of a solution 
of sodium thiosulphate and alum. It tends to 
give purple tones on bromide papers. Warmer 
tones are obtained by the indirect methods, in 
which the silver imago is first bleached to a silver 
halide image, usually with a bath of potassium 
ferncyanide and potassium bromide, and after 
washing toned to the sulphide by immersion of 
the print in a dilute solution of alkali metal 
sulphide. Alternatively a solution containing 
thiourea (0 1%) and caustic soda (0*4%) tones 
the image to sulphide at a slower rate but the 
bath has the merit of being odourless. Selenium 
tonmg IS usually effected in a bath of soleno- 
sulphate prepared by dissolving powdered 
selenium in solutions of the alkali metal sul- 
phites, while tellurium is used m the form of a 
sulphotellurite made by fusing tellurium with 
alkali metal sulphides. The dark brown images 
produced by proper handling of these toning 
processes are popular in their own right and 
have the added advantage of being extremely 
permanent, so much so, indeed, that sulphide 
toning IS often the simplest way of conferring 
permanence on prmts. 

Methods of producing coloured images by pre- 
cipitation of coloured metallic salts in the gelatin 
by the agency of the silver image are legion. A 
solution will tone if it oxidises the silver image 
by means of an ingredient w^hieh when reduced 
reacts in situ with a metal ion also present to 
yield a coloured msolublo salt. The most usual 
oxidising agent is potassium ferncyanide, which 
when reduced to ferrocyanide precipitates a 
coloured metallic ferrocyanide imagewise, e g , 
red and brown from copper, blue from iron, 
brown and red from uranium. The higher com- 
pounds of vanadium and molybdenum can func- 
tion both as oxidiser and as source of metal ion ; 
they are reduced by the silver to the lower in- 
soluble coloured form. Coloured images made 
by transforming the silver image to a form in 
which it can mordant dyes have also been ex- 
tensively used, chiefly for pictures on trans- 
parent waterproof supports (motion and still 
pictures for projection). Weak images of silver 
iodide; silver, copper, and uranium ferro- and 
femeyamdes ; silver sulphide ; lead, tin, cobalt, 
and chromium Salts, have all been used to 
mordant dyes. In many cases if the gelatin is 
treated with tannic acid the mordant can be 
withdrawn by a chemical bath without undue 
diffusion of the dye ftnage. 

Images composed of metallic ferrocyanides 
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suffer from ready solubility in alkaline solutions 
and waters and cannot be regarded as per- 
manent. The dyes used m mordanting processes 
are usually basic dyes and suffer from the 
relative lack of fastness of such dyes to light. 
Only the sulphide, selenide, telluride, gold and 
platinum toning processes can be regarded as 
making a real contribution to the problem of 
permanence. 

V. QUANTITATIVE RESPONSE OF 
PHOTOGRAPHIC MATERIAL TO LIGHT. 

The quantitative response of photographic 
materials to light is the main study of that 
branch of photographic science known as sensito- 
metry. Originally developed as a means of 
measuring the sensitivity of photographic 
materials in response to the acute practical 
need of photographers desiring to judge their 
exposures, the modern science is concerned not 
only with the relative and absolute sensitivity 
of photographic materials to radiant energy of 
various kmds, but includes the study of the 
effect of the development, and of after-processes 
such as intensification ^nd reduction, on the 
whole relation between the image finally pro- 
duced on the material and the intensity, dura- 
tion, and quality of the radiation that produced 
it. Its results, combined with those of the 
sciences of vision, are applied directly to the 
study of the fidelity of tone reproduction of 
the photographic process as a whole, providing 
by their detailed analysis of the various factors in 
operation the means for steady improvement. 
As a practical tool m the large-scale manufacture 
and use of photographic materials, sensitometry 
is indispensable, while its place as a foundation 
study in scientific research on the photographic 
process and in the use of photography as a 
scientific mstrument will have been evident from 
the preceding pages. 

Precision sensitometry requires therefore a 
steady light-source reproducible to specification, 
means of making a graduated series of exposures 
to that light, a method of development under 
standard conditions, and a means of measuring 
the deposit produced by the previous steps. 
Both the nature of these means and the inter- 
pretation of the results depends on the objects 
of the study. Certain broad applications of 
sensitometry are of wide interest (e.gr., the 
determination of the speeds of negative materials) 
and appropriate specifications for some or all of 
the above essential requirements have been laid 
down in national (e.gr., the German DIN system, 
1931) or international agreements. Others are 
the subject of scientific study with a view to 
ultimate international agreement. Thus the 
Seventh International Congress of Photography, 
1928, agreed on the specification of the inter- 
national unit of photographic intensity, which 
is defined as one visual candle-power of radiation 
of the quality emitted by a tungsten electric 
source operating at 2,360 ®k. screened by a liquid 
Davis-Gibson filter made up to a precise specifi- 
cation. This source and filter combination 
duplicates very closely the spectral quality of 
mean noon sunlight at the earth’s surface. 
Sources of different spectral quality are con- 


siderably used in photography (e.gr., the arc 
lamps used in photomechanical work, the 
fiuorescent screens of medical and industrial 
radiography), and the manufacturers of materials 
for these applications may find it necessary to 
test them with artificial sources of the same 
spectral quality, but such sources have not been 
made the subject of international agreement. 

The modulation of the exposure to light from 
the agreed or standardised source is effected in 
a sensitometery which is a precision instrument 
for controllmg the intensity or time of exposure 
m a known and regular manner from one end to 
the other of a strip of the material under test. 
Descriptions of instruments have appeared in 
comprehensive reviews (C. E. K. Mees, “ Theory 
of the Photographic Process,” Macmillan, 1942, 
p. 607 ; Davies, Phot. J. 1944, 84 , 185), and are 
out of place hero. Suffice it to say that two 
main divisions exist, depending on whether the 
design effects control by varying the time or the 
intensity of exposure. Given a steady light 
source, a time-scale sensitometer is easier to 
build to high precision and consequently the 
early sensitometers (such as that of the pioneers 
of scientific sensitometry, Hurter and Driffield 
(J.S C I. 1890, 9, 465)) were time-scale instru- 
ments Most actual applications of photo- 
graphy, however, result in the exposure of the 
photographic material to a pattern of light and 
shadow for a constant time, so that the effects of 
reciprocity failure (Section II, p. 6586) make it 
necessary for the materials to be tested in an 
intensity-scale instrument, and moreover for 
exposure times of the same order as that used in 
the appropriate application, c.g., l/50th second 
for amateur negative materials; 1 /20,000th 
second for sound-recording films. The design of 
intensity-scale sensitometers with the necessary 
range of some 10,000 to 1 in intensity, which is 
required to reveal the whole response of the 
photographic material to light, has proved a 
difficult physical problem, as the intensity 
modulating device must in no way modify the 
spectral quality of the light. Moreover, the 
intensities required at the upper end of the scale 
are very high and can only be attained by placing 
the light source close to the emulsion layer. The 
most modem instruments therefore usually 
employ a succession of exposures of constant 
time but increasing intensity step by step along 
the strip (Bomemann and Tuttle, J. Opt. Soc. 
Amer. 1942, 32, 224 ; Davies, 1944, 

The development of the exposed sensitometric 
stnps may be conducted according to the 
practice of the trade using the materials in 
question (e.gr., motion-picture film, X-ray film) 
or more usually, is conducted as a laboratory 
operation in specially designed machines where 
agitation, temperature, and time can be con- 
trolled to close limits. Preliminary experiments 
establish the conditions which give a result equal 
to the average of the best trade practice. These 
are then adopted as standards in the sensito- 
metric laboratory, and, in contradistinction to 
trade processing, can be exactly reproduced. 
In the scientific study of photography, of course, 
the manner of development depends on the pur- 
poses of the investigation. In nearly all cases a 
primary requirement is that development shall 
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be uniform at all parts of the exposed material, 
and one of the best ways of effecting this is to 
brush the surface of the exposed material con- 
tinuously durmg development with a soft long- 
haired brush (Clark, Phot. J. 1925, 66, 76). 

In the pioneer sensitometrio work of Hurter 
and Driffield, their aim was to measure the mass 
of silver produced by a known exposure and 
development on the materials available to them. 
By comparmg the results of chemical analysis 
of the deposits with measurements made on a 
photometer, they found that to a sufficient 
approximation Beer’s law was obeyed, t.e., that 
the mass of silver was proportional to the density 
of the deposit, which they defined as the common 
logarithm of the opacity. Mathematically, if 
Iq units of homogeneous radiation fall on one 
side of the deposit, and I units emerge from the 
other side, then 

///q is the transparency y T, 

IJI 18 the opacity y O, 


667 

and the density , D, is defined by the relation 

I=Iq\ 10”B, whence D= log^Q 0. 

Moreover, by the law of indices, two layers 
superimposed behave to the incident beam as if 
their densities were additive. Thus with two 
layers of densities and Dg, we have 

/i=/oX ; /2=fiXlO“I>2. 
whence 10-(Oi+Z)2). 

This property of density makes it the most 
useful means of specification of photographic 
deposits m optical calculations. 

Hurter and Driffield’s use of density as a 
measure of the mass of silver in photographic 
deposits is rarely employed m modem appli- 
cations of sensitometry. Indeed, it has been 
shown (Sheppard and Ballard, J. Frankhn Inst 
1928, 205, 669) that the relation between the 
density and the mass of silver varied consider- 
ably, according to the conditions of develop- 
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ment. In most apphcations of sensitometry, 
density is simply used as an optical concept, 
since it IS the optical properties of the photo- 
graphic image which give it its usefulness either 
as intermediate negative or final print. In 
dealing with prints on opaque white or light- 
coloured supports, the reflection density is defined, 
by analogy with the density of transparencies, as 
Dr=^ logic where R is the refiectivity 

defined as the ratio between the bght reflected 
by the image and that reflected by the support 
alone. 

The measured density of a photographic 
deposit, whether on a transparent or an opaque 
support, depends to some extent on the con- 
ditions of measurement. For transparencies, 
two extreme cases present themselves, (a) when 
only the light transmitted normal to the sample 
is measured, givmg the specular density D\\y 
and (6) when all the light transmitted by the 
sample, including all the scattered light, is 
measured, giving the diffuse density Djf. Du 
is always higher than Dff for scattering deposits, 
so that the contrast of a print made by colli- 


mated light m a projection printer is higher 
than that of a similar print made by diffused 
light in the same printer. On the other hand, 
a pnnt made by contact, in which the prmting 
frame is exposed to a diffuse source of large area, 
may have a^ffigher contrast again because much 
of the effective light has travelled through the 
deposits at an angle. Where the light source is 
smaU, however, the contrast falls since all the 
scattered hght contributes to image formation. 
In the absence of an agreed international specifi- 
cation of the means of measuring density, the 
sound rule is to employ as far as possible the 
same optical arrangement as will function when 
the transparency is used. 

The standard way of expressing the response 
of a photographic material to light is to plot the 
density resultmg from exposure and a given 
degree of development agamst the logarithm of 
the exposure. The result is the characteristic 
curve of Hurter and Driffield (Fig. 4) which 
represents the response of the material for 
one particular degree of development. Over a 
considerable portion of its length, a to b in the 
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figure, the curve is a straight line. In this 
region the densities are directly proportional to 
the loganthms of the exposure, and if the 
material has been exposed for a constant time 
to varying intensities of light, the light emerging 
from the transparency duplicates inversely the 
original intensities /, the transparency T of 
each part obeying the equation 1/T=i^. Hurter 
and Driffield therefore called this straight-line 
region the region of correct exposure. The 
gradient of the curve dD/d(log E) is a constant 
in the straight-linc portion and was called qamma^ 
where y ~ tan a. If y -- 1 , the negative reproduces 
exactly the brightness contiast of the original 
exposure; if less or more than 1, the contrast 
leproduction is compressed or expanded but 
remains proportionately correct. The limits of 
correct exposure (as above defined) are fixed by 
dropping peipendiculars fiom a and h on to the 
log (exposure) axis A material so exposed 
that the density of the deepest shadow falls at 
A, will accommodate correctly all higher ex- 
posure values up to that represented by N, the 
ratio being known as the latitude (in 

exposure units). It may amount to several 
hundred to one, with present-day double-coated 
materials 

The position of the curve with relation to 
the log (exposure) axis indicates the speed of 
the material. Huitor and Driffield produced the 
straight-hne portion backwards until it cut the 
log (exposure) axis at x, and called the exposuie 
\aluo at this point the inertia The speed was 
then expressed by a figure proportional to the 
reciprocal of the inertia With the mateiials 
and developers of their day they found that the 
inertia was independent of the extent of develop- 
ment, and was therefore regarded as a constant 
of the material. 

Study of the whole problem of tone re- 
jiroduction in photography with present-day 
materials has shown that the toe of the curve of 
negative materials invariably is, and indeed 
should be, utilised, if the print is to represent 
the original scene to the best of its capabilities. 
IVloroover, some widely used negative materials 
have a long sweeping too portion, so that if ex- 
posures were such as to put all the densities on 
the straight hne, the negative would not only be 
dense, but the exposures much longer than is 
necessary. In other materials the inertia falls 
inpidly as time of development is prolonged, so 
that the H. and D speed depends greatly on the 
degree of development. Consequently, various 
^\ays of determining the speed from properties 
of the characteristic curve other than the inertia 
have come into use. Threshold methods deter- 
mine the exposure required to produce a density 
which IS a small predetermined level above fog 
(e g., the just detectable difference , 0 1 above 
fog, etc ), but such methods are not related 
logically to the requirements of tone repro- 
duction. A consideration of the reasons for 
dissatisfaction with the shadow areas of photo- 
graphs indicates that this is mainly duo to the 
loss of tone discrimination in the shadows, and 
has led to the adoption of a point of minimum 
useful gradient on the negative characteristic 
curve as setting the lower limit of the correct 
exposure region. For applications of photo- 


graphy where the prints are made according to 
a more or less standard specification (e ^., in 
motion pictures), the exposure value where the 
gradient of the curve is some specified figure 
(e gr., 0 2) is a very useful criterion of speed 

Enlarging on this idea, Jones (ibid. 1939, 227 , 
297, 497) proposed that the speeds of negative 
matenals should be based on the minimum ex- 
posure required to yield a “ first excellent print,” 
as picked out by a panel of observers. For 
various materials the negatives which yielded 
this first excellent print were found ‘to have the 
common scnsitometric feature that the ratio of 
the minimum gradient in the shadow region used 
in making the print to the average gradient of 
the utilised portion ofihe characteristic curve 
was approximately constant and equal to 0 3 
The correlation thus found between the purely 
sensitomctnc fractional gradient speeds and the 
print- judgment speeds was checked on a large 
number of other materials exposed to scenes of 
varying brightness and developed to differing 
degrees, and also compared with the correlation 
between the print- judgment speeds and other 
previously proposed sensitometric criteria (e.g , 
fixed threshold, fixed minimum gradient, inertia) 
The spread of log E values between the statistical 
print-judgment method of determining speed 
and the vaiious sensitometric methods showed 
that the fractional gradient criterion appbed to 
these matenals agreed most closely with print 
judgment 

The Effect of Development. — Increasing 
the time of development, or using a stronger 
solution or a higher tompor.itiire, lias as its main 
result on negative materials, an increase in the 
gamma of the H. and D. curve. This is best 
shown by drawing the family of characteristic 
curves for various times of development (Fig. 5). 
The slopes of the indiv idual curves of the family 
may then bo read off and a gamma-time curve 
drawn. The fog can also be read on an un- 
exposed portion of the material and the fog- 
time curve drawn The gamma-time curve 
flattens out to a maximum known as y ^ , which 
18 one of the inherent properties of the particular 
material, determining its usual application in 
photographic practice. Very high values of y^ 
are common in the slow materials sold for making 
Imo blocks (e.g , ygo =^8 or more). On the other 
hand negative materials for portraiture may 
have a of 1 5 approx iimitely. Hurter and 
Driffield found that the straight-line portions 
of the family of curves, if produced to cut the 
log A" axis, all mot it at a point which tliey 
regarded as an mvariable characteristic of the 
emulsion and therefore a suitable means of 
giving it an unique speed number With modern 
matenals and developers contaming some free 
bromide, the straight-lme portions, if they inter- 
sect at a common pomt at all, intersect well 
below the log E axis. The result is that on an 
inertia basis the apparent speed of the matenal 
iifcreases markedly as development is prolonged. 
This 18 also true to greater or less extent with 
all criteria of speed hitherto proposed, the result 
being that there is no unique speed figure for a 
given photographic material. Such a figure can 
only be given when the manner of development 
is specified. 
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Positive Materials. 

While the shape of the charactenstic curve of 
opaque positive materials is similar to that of 
negative materials, various new factors are 
brought mto pla}^ which ensure that nearly the 
whole range of the curve must in fact be used. 
While the highest light on a positive trans- 
parency need not be clear, as its brilliance can 
be increased to any desired extent by putting 
more light behind it, on a paper print the highest 
light must in general differ little from the white 
paper. This means that the too of the positive 
cliaractcristic is fully used. Satisfactory dis- 
(Timmation of tones in the high-hghts of the 
print, where the slope of the positive character- 
istic is low, requires therefore that the contrast 
of the well exposed portions of the negative 
should bo high, compared with the contrast of 
the less exposed portions which aio printed at a 
density level represented by the steeper part of 
the positive characteristic. This result is 
achieved by exposing in the camera so that the 


too end of the negative characteristic is used, and 
IS one reason for preferring negative materials 
with a long too. Such materials indeed give 
their best prints on chloride contact papers which 
have a markedly bowed characteristic. 

Fui^/hermore, the brightness range of tones in 
an average scene (e.gf., 160.1 for an amateur 
snapshot of nearby objects) requires that the 
deepest shadows on the print shall approach the 
maximum black of the paper. Even so, a con- 
siderable compression of tones is unavoidable 
smee the maximum black attainable rarely ex- 
ceeds a reflection density of 2 0 (i e., a brightness 
range of 100.1). This is duo to the reflection of 
light from the grains themselves and from the 
outer face of the paper emulsion layer. The 
maximum black is highest for glossy papers (1 7- 
2 0), intermediate m value for semi-matte or 
lustre papers (1 4-1 7), and low for matte papers 
(1*1-1 4). As negatives may differ very con- 
siderably in their density range, depending on 
their development, their exposure, and the 
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brightness range of the scone, it is necessary to 
select for each negative a paper the exposure 
scale of which (i.e., the range of exposures which 
just yields the maximum range of distinguish- 
able tones of which it is capable) fits the density 
range of the negative. For this reason printing 
papers are made m as many as six grades of 
contrast, and are selected to fit the negative by 
judgment from its visual appearance or by trial 
and error Research based on a statistical study 
of print preferences has shown that the effective 
exposure scale of a paper must be measured 
between two points on the toe and shoulder of 
its characteristic where the gradient, multiplied 
by the gradient of the negative with which it is 
used, IS approximately constant. This means 
that acceptable shadows and high-lights show a 
similar differentiation of tones on all prints, no 
matter on what grade of paper they are made. 
In contradistinction to negatives and positive 
transparencies, the contrast of prints can be 
controlled but httle in development. Chlonde 
and chloro-bromide papers have high rates of 
development, the curve of maximum slope being 


reached in a minute or loss. Development for 
longer times than this brings m fresh tones in the 
highest lights by regression of the inertia, while 
the dark tones in the deepest shadows disappear 
progressively into the maximum black The 
result 18 that the print darkens steadily as though 
it had had more exposure, while sensitoraetncally 
the curve moves backwards along the log ex- 
posure axis without alteration of slope. The 
printing exposure latitude thus introduced is of 
the greatest value m the commercial use of such 
papers. With bromide papers the slope of the 
curve does increase simultaneously with regres- 
sion of the mertia, but the production of soft 
prmts by under-development is httle practised, 
due to the ready production of streaks and poor 
image colour. 

Sensitivity to Colour. 

The absolute and relative sensitivity of photo- 
graphic materials to coloured light is of im- 
portance not only in colour photography 
(Section VII), but determines also the accept- 
ability of monochrome prints, since the trailer. 
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lation of the coloured tones of the original into 
monochrome depends on this spectral sensitivity, 
however it may be modified by a light-filter 
placed over the lens. Moreover, the design of 
the spectral transmission of safe-light screens 
requires a knowledge of the spectral sensitivity. 

Sensitometers are of three types, dependmg 
on the precision required. For the highest 
precision a double monochromator isolates a 
narrow spectral band of great punty and pro- 
jects it on the material after modulation m some 
standard sensitometnc manner, the chief aim 
being to exclude all bght from other parts of the 
spectrum. The relative energy falling on the 
material in the different parts of the spectrum 
is then measured by a thermopile, and related 
to the corresponding densities. For standard 
routine tests of less precision the wedge apectro- 
graph is widely used. This instrument projects 
a complete spectrum on to the mateiial, the 
intensity of the coloured bght bemg modulated 
m a direction at right-angles to the wave-length 
scale by a neutral wedge placed over the slit. 
On development a wedge-spectrogram is ob- 
tained, the ordinate at every wave-length to the 
edge of the blackened area (i.e., a certain low 
hxed density), representing the logarithm of the 
sensitivity to light of that wave-length, as 
modified by the spectral distribution of the 
energy radiated by the light source. Much of the 
usefulness of the wedge spectrogram is due to its 
automatic combination of the effects of spectral 
emission of the source and spectral sensitivity of 
the material, thus reproducing the conditions of 
jiractical use. In the third class are stop tablets 
parts of which are covered with coloured filters, 
e g.t the tricolour red, green, and blue-violet 
filters of colour photography. The relative sensi- 
tivity of the material to light passing through 
the filters is evident on comparison of the step 
wedges produced under each filter, and can be 
used to calculate the filter factor. 

The manner in which the photographic emul- 
sion adds radiation of different wave-lengths has 
been the subject of notable investigations (Van 
Kreveld, Z. wiss. Phot. 1934, 32, 222; Webb, 
J. Opt Soc. Amer. 1936, 26, 12). Van Kreveld’s 
addition law for radiations apphed simul- 
taneously may be stated in the form 

where tAn represents the intensity of the com- 
ponent radiation of wave-length An in the mixed 
exposure and S(D,Xn) is the sensitivity of the 
emulsion to energy of wave-length An expressed 
as the reciprocal of the energy required to pro- 
duce a given density D, With the sensitivity 
expressed in this way, the law merely states that 
the emulsion adds radiation of different colour 
falbng on the material simultaneously for the 
same time in the same manner as it adds radia- 
tion of identical spectral quafity. The law also 
holds for successive exposures to radiation of 
different colour, provided that the intensities are 
adjusted to give equal photographic effects in 
equal times. As a corollary, the reciprocity 
failure curves of an emulsion are the same for 
all qualities of radiation, when compared ^ 
equal time basis. The addition laws are an ex- 
pression of the fact that, provided that the rate 


of production of photo-electrons is the same, the 
photographic emulsion grain is indifferent to the 
quabty of the radiation producing them. 

Limitations of the Photographic Pro- 
cess . — Apart from the absence of colour and the 
frequent distortion of perspective due to the eye 
not bemg in the equivalent position of the taking 
lens when viewing the print, the main defect of 
prints made to the highest standards of which 
photography is capable is the compression of the 
brightness range of all subjects to a maximum of 
some 60 to 1. To attain this range, some parts 
of the toe and shoulder of the positive character- 
istic must be used, and even though the defects 
so introduced are compensated to a great extent 
by suitable choice of the region of the negative 
characteristic utilised, the high-hghts and 
shadows of the print are more compressed than 
the middle tones. In good quality prmts this 
relatively greater compression of the high-hghts 
and shadows is stnali. Further distortions of 
the reproduction are due to subjective factors 
While it has been shown that the generally much 
lower illumination of prints, as compared with 
the original scene, produces httle distortion, a 
subjective factor known as the constant-bright- 
ness effect is rarely operative in the repro- 
duction to the same extent as in the origmal 
scene. This is the faculty by which the mmd 
appreciates the constant reflectance of an object, 
say a wall, parts of which are m light and other 
parts in shadow, whereas in the reproduction the 
shadowed portions often have the appearance 
of a reduced reflectance as though darkened 
by stains. Professional portrait photographers 
have by long experience learnt to counteract this 
effect by adding additional light to the shadows 
(see Evans, ibid. 1944, 34, 633). 

It needs to be added that many of the limita- 
tions of prints do not apply to positive trans- 
parencies. Here the brightness range can easily 
be made equal to that of the origmal scene, since 
the high-hghts can be raised to any desired 
brightness by increasing the illummation. 
Moreover, in both negative and positive the use 
of the toe and shoulder of the characteristic curve 
can be avoided, and the straight line portion 
only used. Given, therefore, a darkened room for 
viewing and a uniform light-source of sufficient 
brightness and area, the objective reproduction 
can be exact. Attempts to realise those con- 
ditions by projection, however, introduce new 
distortions in the shadows due to flare light m 
the projection lens and scattered bght returned 
to the screen from the theatre walls. 

VI. THE REPRODUCTION OF 
PHOTOGRAPHS. 

While the bulk of positive photographic prints 
is nowadays made on the silver halide develop- 
mg-out papers described above, this is a com- 
paratively modem practice which owes its vogue 
to their convenience and speed (aUowing of print 
making by projection). At one time the greater 
part of professional portrait negatives was 
printed by contact on direct print-out papers, 
m which the image visibly formed by light 
action was simply toned and fixed. For some 
40 years (1860*-90) almost all photographic 
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printing was done on albumenised paper. This 
was a smooth rag paper sized by floating on a 
solution of egg albumen containing sodium 
chloride and citric acid, and was sensitised before 
use by floating on a bath of silver nitrate. It was 
replaced gradually by factory-made print-out 
papers in which a gelatin or collodion vehicle 
carrying silver chloride (or sometimes bromide 
or phosphate) together with silver citrate, tar- 
trate, or oxalate and an excess of silver nitrate 
was applied without washing to baryta-coated 
paper. The print-out images on these papers 
have to be toned with gold either before fixing 
or simultaneously with fixing, in order to 3 deld 
a satisfactory image colour. The baths used 
usually contain a soluble thiocyanate or thiourea 
in addition to gold chloride. Self-toning papers, 
containing salts of gold, are also manufactured 
These tone to a pleasing colour on immersion in 
the fixing bath. 

Printing processes based on the light sensitive- 
ness of dichromated colloids form the founda- 
tions of photo -mechanical block making and are 
most conveniently described under that heading 
below. The same principle, however, is used in 
a number of processes for making paper prints 
which still enjoy a limited use, particularly for 
exhibition work They have the disadvantage 
that the speed is not high enough to permit of 
the making of prints by projection so that 
negatives of large size must be specially made 
All the processes depend on the tanning of a 
layer of dichromated colloid (e.g., gelatm, gum, 
shellac) in those parts of the picture exposed to 
light. The image is formed by using in various 
ways the differing properties of the tanned 
and untanned regions. Thus methods based on 
the solubihty of the untanned portions of a 
gelatin layer in warm water yield a positive 
image if the remaining tanned relief is darkened 
by dyeing, or by the uniform inclusion of an in- 
soluble pigment in the gelatin from the outset 
(carbon printing, J. W. Swan, 1864) Both 
methods fail unless the exposure is made through 
the support, or the layer transferred to a 
temporary support for development. Without 
these precautions the layer of soluble gelatin 
next the support dissolves and the image dis- 
integrates. The colours of prints thus made 
can be very various and the pigments used in 
the carbon process can be extremely permanent. 
The gum-dichromate process works on similar 
principles, but due to the solubility of the gum 
arabic in cold water the dichromate sensitiser 
and pigment is mixed with it before it is spread 
on paper and development is done in cold water. 
The process lends itself to artistic interpreta- 
tions as certain tones can be lightened by 
hastening the development in those regions and 
others darkened by adding pigment taken from 
the margins of the print and by multiple-printing 
from the same negative. 

Alternatively the different swelling properties 
of the tanned and untanned regions may be 
utilised to form an image without actual removal 
of any gelatin in warm water. Some dyes have 
the property of penetrating only in the untanned 
portions (Pinatype), thus 3 delding a positive 
from a positive transparency. If sugar is in- 
cluded m the dichromated gelatin, the untanned 


portions remain sticky and can be differentiated 
from the exposed portions by dusting a dry 
powdered pigment (e.gr , graphite or metal) on to 
the swollen relief. Of more importance are 
those prmting methods which utilise the 
properties of the swollen relief to form an image 
in greasy mk (oil printing). Here the tanned 
portions accept the ink while the swollen water- 
saturated imtanned portions do not. The inked 
relief can be used as a printing plate, and the 
image transferred to unsensitised paper of suit- 
able surface in a press (oil transfer), or to a litho- 
graphic pnnting surface (litho transfer). 

The speed of silvor-halide emulsion-coated 
papers is combined with the permanence and 
means of artistic control afforded by the above 
pigment processes m a number of procedures 
which utilise the reducing powers of the silver 
image to tan gelatin locally by the reduction of 
dichromate uniformly dispersed in it. In these 
processes the finely divided silver of the image 
is used simply as a chemical reagent to give a 
final picture similarly distributed but in some 
quite other pigment. Thus the carbon tissue 
(t.e., the paper coated with a pigmented layer 
of soft gelatin), which is used for carbon printing 
after sensitisation in a dichromate solution as 
described above, may be insolubilised image- 
wise to yield an almost identical final result by 
bringing it into contact with a wet bromide 
print, the carbon tissue having first been soaked 
in solutions of potassium dichromate and ferri- 
cyanide. The ferncyanide oxidises the silver 
image and is itself reduced to forrocyanide, and 
this diffusing back into the carbon tissue reduces 
the dichromate which tans the gelatin locally 
just as if it had boon affected by light. The 
carbon tissue can then bo applied to a final 
support and developed in warm water as in 
carbon printing. This process, known as Car- 
bro, works best if the bromide paper used has 
no gelatin supercoat, which, if present, neces- 
sarily softens the definition slightly. By similar 
methods the gelatin of a silver bromide paper 
specially made with soft gelatin may be tanned 
locally in proportion to the silver image and the 
resultant relief inked up with a greasy ink. This 
inked image, when dry, may bo used as the final 
print (Bromoil) or transferred to another surface 
in a transfer press (Bromoil transfer). 

Photo-mechanical Processes. 

While the tanning action of reduced di- 
chromates is little used for print making except 
by amateurs (and in colour printing as described 
in Section VII), it lies at the base of the photo- 
mechanical industry. The preparation of metal 
printing- blocks from photographs is effected in 
all processes by the aid of a photographically 
prepared stencil or resist, which controls the 
action of chemical baths on the metal according 
to the lights and shadows of the image. The 
direct action of light on dichromated colloids 
(gum, albumen, gelatin, shellac) was until 
recently almost the only method used for 
making such resists. New methods based on 
the tanning action of specially compounded 
developers at the sites of development in silver 
hahde emulsion layers coated on metal have 
made progress only within the last few years. 
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They enable images to be prmted on metal 
directly by projection. 

Printing blocks, whether made by photo- 
graphy or otherwise, may be put into onfe of 
three classes depending on the method of trans- 
fer of the uik to the paper in the printing press 
Relief blocks carry an ink film on the raised 
portions of the printing surface arrd transfer it 
to the paper on contact (letterpress printing) 
Intaglio blocks carry the ink in hollows etched 
or engraved in a smooth surface, the non- 
printing areas being cleaned by a doctor blade 
Jn the planographic processes, the printing sur- 
face 13 substantially in one plane, those parts 
which carry the ink having been chemically 
modified so that they accept a greasy ink, while 
the non-pnnting parts reject it. For all these 
processes means have been devised to distribute 
the printing surfaces on the block by photo- 
giaphic means from a photographic original 
J5y various procedures the block may bo made 
to yield an apparent continuous gradation of 
tones, so that photograplis both in monochrome 
and coloui mav be reproduced in the largo 
numbers chaiac teiistic of the printing press 

Tlie line block consists of an etched plate 
common 1}^ of zinc in which the non-pnnting 
areas have been etched to a depth of about ^ mm 
below' the lines by successive “ bites ” in dilute 
nitric ac id solutions The action of the mordant 
on the pi lilting areas is prevented by a stencil 
prepared photographically. The plate is coated 
with dic-hiomated albumen, which is then in- 
solubilised in the lines of the drawing by printing 
under a line negative made from the original 
artist’s drawing Tlie exjiosed plate is inked up 
uniformly with a gieasv ink, giving a thin dis- 
continuous coating, and tlien developed m cold 
water by swabbing The water dissolves the 
unexposed albumen and disperses the ink film 
on top of it, p«irts ot the hitler being carried by 
the swab on to the lines, thus strengthening the 
ink film. The lesist is fuither strengthened by 
dusting a pow’^dered fusible resinous material 
onto the plate. This adheres only to the inked 
lines, and is incorpoiated into the ink by heat 
After retouching and ( loaning, the plate is ready 
for etching. To prevent undercutting of the 
lines by the nitric acid, the sides of the lines are 
protected at intervals by rolling up the plate 
with etching ink and causing the ink to flow 
down the sides of the lines. The parts which 
are to bo etched are prepared with gum arabic 
solution in the manner described under litho- 
graphy so that they repel the greasy ink. The 
romforcing ink therefore takes only on the lines 
whatever the depth of etch. Alternatively the 
sides of the lines may be protected by brushing 
against them a powdered fusible resin (dragon’s 
blood), which is consohdated in position by heat. 
An alternative resist that is used considerably 
IS dichromated shellac, which is developed in an 
alcohol bath. 

In photolithography the photographically pre- 
pared resist may be used to protect the litho- 
graphic surface from grease, m which case the 
exposure is made under a positive, or from 
water, when the exposure is made under a 
negative. Grained zinc is commonly used, and 
the usual method of working from a negative is 


to “ print dowii ” the image on dichromated 
albumen, which after exposure is rolled up with 
litho ink and developed in cold water, leaving 
the printing image in albumen and ink. The 
non-image areas are then prepared so that they 
reject a greasy ink by means of an “ etching ” 
bath which deposits an adhering layer of zinc 
phosphate, followed by gum arabic solution 
The porous layer of zinc salts and gum retains 
water tenaciously, and if kept moist by the 
arrangements provided on the press continues 
to reject the printing ink throughout long runs 
The ink m the printing areas is by this method 
insulated from the metal by the layer of hardened 
albumen, which may result in breakdown on the 
press. The direct printing methods from posi- 
tives avoid this danger Here the bare metal 
exposed after development is inked up with the 
fatty ink, and forms the printing surface, while 
the resist in the parts exposed to light (^.e., the 
whites of the positive) is dissolved in dilute acid 
and the metal thus revealed “ etched ” and 
gummed to form an ink-rejecting surface 

It will be appreciated that neither the letter- 
press block nor photolithography is capable of 
printing any tone between the white of the paper 
and the full strength of the ink. Half tones are 
produced m both piocesses by* dividing up the 
printed area between black and white on such a 
small scale that without magnification the tone 
appears to bo uniform. This is done by making 
what m effect is still a lino block from a special 
screen negative, m which the tones of a con- 
tinuous-tone original are automatically broken 
up into substantially clear and opaque dots, the 
relative areas of which (as modified by the 
etching, etc , carried out on the metal) repro- 
duce on the print the tones of the original. The 
negative material used is of very high contrast 
and is placed m the focal plane of the process 
camera a short distance behind a cross-line 
screen This consists ot a pair of cemented glass 
plates, on the inner faces of which is ruled a - 
regular pattern of black lines and clear spaces, 
the lines and spaces being of equal width The 
ruling vanes fiom 50 to 200 Imes to the inch, 
a( cording to the use to be made of the block 
(e g,, fine book or catalogue illustration, 150 
lines; newspapers, 85 lines per m.) The two 
glasses are cemented together with their rulings 
at right-angles, and the complete screen is so 
mounted m the camera that it can be moved 
backwards and forwards through known dis- 
tances while maintaining accurate parallelism to 
the sensitive surface. 

In most photomechamcal establishments the 
wet collodion process is still in common use for 
negative making. While its photographic cha- 
racteristics of fine gram, extreme density of 
blacks and high contrast can be readily dupli- 
cated in gelatin dry plates, the process retains 
its hold for reasons of cost and convenience, 
chief of which is the repeated re-use of the large 
glass plates on which negatives are made, and 
the ease with which the collodion film may be 
stripped and mounted (turned over if necessary) 
with others on a new glass to form a composite 
negative. Photographically the essential feature 
of negative materials for screen negative making 
is high contrast (i e , short exposure -scale). 
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This means that there is a certam level of ex- 
posure below which the plate hardly responds at 
all, while at a level shghtly above it the plate 
develops almost its maximum density. Behind 
each opening in the screen there is a certain locus 
where the exposure is of this critical value. In 
the high -lights of the image in the focal plane of 
the process camera the critical locus will be 
remote from the centre of the opening m the 
screen, giving a high proportion of exposed to 
unexposed emulsion ; in the shadows only those 
portions immediately under the centre of the 
openings will receive the critical exposure and 
be blackened. The result is small black dots in 
the shadows and large ones in the high-hghts 

Experimental work by Yule (J. Franldm Inst. 
1941, 231, 23 ; 1943, 235, 483 , 1943, 236, 473) 
has shown that the distribution of light behind 
the apertures in the screen cannot bo satis- 
factorily accounted for on the basis of the 
penumbra theory (t.e., the partial occultation, to 
an observer at each point of the sensitive layer, 
of the illimiinatod lens diaphragm by the black 
lines of the screen) except for coarse screens 
placed very close to the plate. For normal 
screen-distances diffraction is involved and the 
shape of the dots agrees well with that deduced 
from theory. 

The type of screen negative produced differs 
according to wdiether it is to be printed typo- 
graphically or hthographically. For the former 
the exposure is such that the dots in the high- 
lights just jom at the corners (chess-board 
pattern). When printed on metal the squares 
protected by the resist are undercut by the etch 
until the printing surface is reduced to points. 
Those remain as a light tone even in the highest 
lights and are necessary to prevent either ink 
or paper from reaching the bottom of the etched 
hollows on the press. For the latter, as the 
lithographic printing plate suffers no under- 
cutting, the clear dots in any part of the negative 
must not be bigger than the areas required to 
print 

In both processes the rendering of the tones 
of the original is not satisfactory unless skilled 
retouching is done on block or negative by the 
fine etcher. Distortions of the tone rendering 
achieved on the negative are known to occur at 
the later stages of half-tone block making and 
lirinting duo to the undercutting action of the 
etch and to ink squash round the dots on the 
press, but these are of but minor effect compared 
with the errors of the negative, in which the 
lendenng of high-lights and shadows is much 
flattened In the high-lights this is due to an 
insufliciently rapid growth of dot size with in- 
ci easing exposure; e.gr., on a lithographic 
negative a tone of density 0 3 on the original is 
lepresented by a chessboard pattern of equal 
black and clear dots, but the black dots must 
increase from this 50% to almost 100% to repre- 
sent the whites of the picture, t,e , they must 
increase from the chessboard proportion to the 
whole area by a mere doublmg of the exposure 
{see Tritton and Wilson, Phot. J. 1939, 79, 396 , 
Murray, J. Franklin Inst. 1936, 221, 721). No 
means of achieving this by simple procedures 
with the cross-lme screen of the ordinary type 
are known, and it is in practice only secured by 


the fine etcher on the half-tone block, or by 
chemical dot retouching applied to the screen 
negative or positive to be used for photo- 
lithography. In these procedures the various 
tones of the picture are protected in turn by 
manually applied resists when they have reached 
the correct dot size, the action then being 
allowed to continue on the others. 

A theoretical solution is available by the use 
of a propel ly designed vignetted contact screen. 
Such a screen has dots graded in density from 
the centre to the periphery and is used m contact 
with the photographic plate. By suitable choice 
of the rate of increase of the density of the dot 
at each point of its radius the dots printed on 
the photographic material can bo made to in- 
crease m size more rapidly at the high exposure 
end giving the coriect tone rendering. Moreover 
such screens can bo used in the camera with the 
lens at full (or any other) aperture, thus reducing 
exposure, and if made on a suitably thin support 
can be used in a printing frame between a con- 
tinuous tone translucent oiigmal and the photo- 
graphic plate (for making blocks of the same 
size). Each such screen, however, can only 
handle an original of a particular contrast. To 
avoid the necessity of carrying a battery of such 
screens, they have been made in a coloured dye 
so that the elFective contrast can bo adjusted by 
suitable choice of the colour of the exposing 
light (Coppin, Piocoss Engraver’s Monthly, 1942, 
49, 86) 

Photogravure. — In i>hotogravure the dif- 
ferentiation between tones is effected by varying 
the thickness of the film of ink transferred to the 
paper. Most of sueh printing is now done from 
eylinders, which are etched through a photo- 
graphically prepared resist so as to yield a 
pattern of minute cells of the same area but 
of depth depending on the tone to be printed. 
The deeper cells hold the most ink and yield 
the darker tones The resist is prepared from a 
continuous-tone positive of moderate contrast, 
which is printed on dichromated carbon tissue 
so that the most tanned portions represent the 
whites of the picture. The same piece of tissue 
IS also printed under a photogravure screen 
This consists of white cross-lines on an opaque 
ground, the opaque squares having sides about 
three times the width of the lines. The tissue 
IS msolubilised under the lines and the thick 
resist eventually formed at these sites protects 
the metal of the cylinder (usually copper) alto- 
gether from the mordant, thus providing the 
walls of the cells. The exposed tissue is applied 
to the copper cylinder, usually by a process 
known as “ dry-lay,” m which the face of the 
dry tissue is brought into contact with the 
cylinder under pressure by rollers while the lino 
of junction is sprinkled with a limited amount of 
water. The adhering tissue is then developed 
in warm water and the paper backing removed, 
leaving a hardened negative resist on the copper, 
which is then dried. The cells are etched in the 
metal by successive immersions in baths of 
ferric chloride of decreasing concentration. The 
concentrated solutions employed reach the metal 
only after first swelling the gelatin resist, a 
reaction which progresses from the top of the 
resist toward the metal at a rate determined by 
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the availability, not of ferric chloride, but of 
water. The thinnest parts of the resist are 
therefore penetrated first, where attack on the 
copper begins long before there is any action in 
the lighter tones. As the action m each succes- 
sively lighter tone slows up, the bath of next 
lower concentration of feme chloride is taken 
into use, until the very lightest tones are just 
etched at the end of some 25 minutes. At this 
time the lines of the screen have not been pene- 
trated anywhere. The resist is removed and the 
cylinder cleaned. For long nins it may be 
chromium plated. On the press the cells are 
filled with photogravure ink by moans of a roller 
rotating half-immorsed in a tray of the ink, or 
on big presses, By means of sprays in an en- 
closure known as the ink fountain. The ink is 
very fluid and is made on a basis of xylene, 
toluene, or even benzene, and dries very rapidly 
on the paper by simple evaporation. The excess 
18 wiped oft the screen linos by the doctor blade, 
so that only the ink in the cells is pulled out by 
the paper. Modifications of photogravure, in 
which the area as well as the depth of the cells 
varies with the tone, have been used (mverted 
half-tone). 

It IS customary to use dififeront colloids for 
the different branches of photo -engraving , 
albumen for line blocks, photo-engraving glue 
for half-tone blocks on copper (this being subse- 
quently bumt-in to form an “ enamel ”), shellac 
for half-tones on zinc (this requires no buinmg- 
m), gclatm carbon tissue for photogravure. All 
are treated with dichromates and are insolubi- 
lised on exposure to light The mechanism of 
this action is imperfectly undei stood. The 
essential feature is the reduction ot the di- 
chromate, or of chromic acid, by the light, the 
reduced oxide being responsible for the tanning, 
either directly or after combination with excess 
unreduced dichromate. The potassium or am- 
monium dichromates are usually employed but 
dichromates of organic bases (pyridine) have 
been used in recent years with an advantage m 
printing speed. 

Plan Reproduction Processes. — Photo- 
graphic processes little used in any other direc- 
tion are employed for plan copying. Here the 
need for cheapness and convenience in processing 
outweighs deficiencies of low speed and poor 
lendering of tones. Foremost are the iron 
printmg processes based on the reduction of 
ferric salts of organic acids by light. Blue- 
print paper for makmg copies from engineers’ 
and architects’ drawmgs is made by impregnatmg 
the surface layer of paper with a mixture of 
ferric salts and potassium femcyanide, and 
retams its yellow colour indefinitely if kept dry 
in the absence of light. On exposure to light 
under the tracmg, the unshielded parts turn 
bluish or purplish grey, duo to the reduction of 
the feme salts. The image is developed by 
washmg in water, when the ferricyanide reacts 
with the ferrous salts to give an image m white 
lines on a blue ground. In large establishments 
the printing and ashing is done by continuous 
machinery. Papers containing ferric salts only 
yield blue lines on a white ground if developed 
with solutions of potassium ferrocyanide ; here 
the unreduced ferric salts are caused to form the 


image. Similarly development of such papers 
with gallic acid solutions give purplish-black 
hues on a light ground. The galhc acid for 
development may be included in the paper as 
supplied so that water alone suffices for develop- 
ment. 

The ferrous salts resulting from the reduction 
of ferric salts by hght have been utilised to pro- 
duce very fine and permanent images by the 
reduction of salts of the noble metals. Thus the 
insoluble ferrous oxalate formed by the action 
of light on feme oxalate can be used to produce 
images in silver (“ Kallitype ”) or m platmum 
or palladium. The reduction of the noble metal 
salt takes place in situ as the ferrous oxalate is 
caused to go into solution in a bath of a neutral 
oxalate Only one of these processes survives 
m common use. Sepia photo-copymg paper, 
which IS prepared by soakmg a translucent paper 
in a solution containing iron ammonium citrate, 
citric acid, and silver nitrate, gives an image in 
white lines on a brown ground, which, after 
fixation in hypo and washing, forms an excellent 
original for the preparation of further blue- 
prints. 

Dye- Line Processes. — A new chapter in 
plan reproduction processes was opened by 
Giecn, Cross, and Bevan (J.S C 1. 1890, 9, 1001), 
who first prepared a direct positive photographic 
paper utilismg the destruction of diazonium 
compounds by light. The substance not 
destroyed was then coupled with a phenol or 
amine. Green, Cross, and Bevan used primu- 
line, now obsolete, but their principle of develop- 
ment with an alkaline solution of a phenol 
survives in some modern processes of the 
“ semi-dry ” type. For these processes there 
IS no couplmg component in the paper, which 
contains a stablised diazonium compound and 
perhaps a mordant only (e.g , diazotised p- 
ammodibutylaniline, or other diazo-compound 
with tertiary nitrogen in the para-position, 
stabilised as a double salt with zme chloride, 
together with an organic acid and aluminium 
sulphate as a mordant). The developer con- 
tams a phenol {e,g. phloroglucinol, which may be 
diluted with resorcinol), together with a weak 
alkali. To be satisfactory for commercial use, 
such a developer must be stable when exposed 
to air, and must produce a good dark Ime show- 
ing no bleeding. These two requirements are 
difficult to satisfy together smee the rapid 
coupling necessary to satisfy the second only 
occurs m alkalme solution which favours oxida- 
tion. Many patents on devices to overcome 
this trouble exist. One interesting solution 
(B.P. 425235) uses neutral or slightly acid 
developers contaming salts of weak organic acids 
with a strong base, e.g., acetates, formates, suc- 
cmates, malates, citrates, tartrates, etc., to- 
gether with 10-15% sodium ehloride to salt out 
the azo dyestuff and sharpen the Imes. In these 
“ semi-diy ” processes the developer is applied 
in a thin film by rollers and dries in a few minutes. 

Papers,, which are developable “ dry ” by 
moist ammonia fumes were introduced in 1920 
by KaUe & Co. (B.P. 210862). Their “ Ozalid ” 
process used the diazonium compound of 1- 
ammo-2-naphthol-4-sulphonic acid together with 
a coupler and an acid. In the presence of the 
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last a diazo-anhydride is produced without 
coupling properties. As soon as the paper is 
made alkalme by ammonia vapour the di- 
azonium compound is regenerated and couplmg 
occurs. Vanous other patented devices have 
been disclosed for the prevention of slow pre- 
mature coupling. The phenols may be pro- 
tected by convertmg them into non- coupling 
bodies which are split by the alkah into com- 
ponents one of which is the onginal coupling 
phenol {fi.g.y B.P. 282894, 283274). Phloro- 
glucinol, m particular, may bo protected by 
treatment with hydroxylamme, forming triketo- 
hexamethylenetrioxime, which is reconverted 
to phloroglucinol by ammonia (B.P. 294972). 
Bisulphite addition compounds, cyanhydrins, 
hydrazones, phenylhydrazones, semicarbazones 
and the like have also been proposed. As the 
clear areas of the print carry a mixture of the 
couphng phenol and the phenol resulting from 
the destruction of the diazomum compound, 
they are liable to darken on keopmg. Mild 
reducing agents are often added to reduce this, 
e.( 7 ., thiourea (B.P. 306408), thiosulphates, 
formalin, hydroxylamme, aldehydes, etc. (B.P. 
294972). Self-developing papers which are 
developed by water or steam are the subject of 
patents issued about 1935. In these the coupler 
is rubbed into the suiface of the dry paper or 
suspended in a wax coating. Such papers have 
not come mto general use. Papers giving a 
negative print have been proposed based on the 
original disclosures of Peer (G.P. 63455). 
Diazo-sulphonates are mixed with a coupler and 
the usual accessories and couple readily on ex- 
posure to light (B.P. 518129, 618162). 

In all these processes the action of light on 
the diazomum compounds in the presence of 
moisture is believed to follow the equation : 

R--N-N— Cl+HaO -> R OH-f HCI+Ng. 

The relative sensitivity of various diazomum 
compounds has been investigated by a number 
of workers. One recent research was specifically 
directed to the comparison of compounds when 
coated on paper, as m dye line-processes (Brown, 
Chem. and Ind. 1944, 146). This author estab- 
lished that 

1. The light sensitivity of diazomum com- 

pomids IS entirely in the blue and ultra- 
violet. 

2. For mono-substitutod derivatives of aniline, 

the sensitivity increases in the order 
para, meta, ortho. 

3. The greater the polar strength of a sub- 

stituent in a diazomum compound, the 
greater is the sensitivity to light. 

Search of the considerable patent literature 
(some 100 Bntish patents since 1930) reveals 
that all the practical compounds are made from 
substituted paraphenylenediammes. Four classes 
may be distinguished: the diazo anhydrides, 
the para tertiary ammo-amlines, the amino- 
diphenylamines, and lastly a large class of 
amines with ethoxy side-chains on one or more 
benzene rmgs. The various compounds differ 
in stabihty, colour of azo dye formed, or printmg 
speed. 


While the blue-print and diazo processes still 
continue to be widely used for plan copying by 
contact, there has been an incursion of the silver 
hahde processes into the same field in recent 
years where their speed makes practical new 
techniques of copying by projection with the 
aid of a lens. The document may be copied on a 
considerably reduced scale to form a permanent 
record, more easily handled and stored than the 
original, or may be altered in scale only slightly, 
or not at all. One new application of photo- 
graphy provides moans of transferring a full- 
scale precision drawing (usually on white 
lacquered metal) direct to the material from 
which a template or part is to be cut, thus 
obviating the usual laborious and possibly in- 
accurate repetition of the draughtsman’s work. 
The material may be sensitised by spraying with 
liquid silver halide emulsion (m a gelatin, col- 
lodion, or synthetic resin vehicle), or may have 
a factory-made gelatin emulsion transferred to 
it from a stripping paper (transfer sensitising). 
In order to print the original drawing on this, 
it may bo made on a special lacquer which is 
excited to phosphorescence by X-rays or hght, 
the glowing panel then being brought mto con- 
tact with the sensitised surface. Alternatively 
the oiigmal drawmg may be copied in a large 
precision camera and the negative reprojected 
through the same optical system on to the new 
sensitised surface. This method alone allows 
for alterations of scale 

VII. THE RECORDING AND REPRO- 
DUCTION OF COLOUR. 

Sensitisation of photographic silver halide 
emulsions to light of longer wave-length than 
the approximate 400 m/z., 600 m^a., and 650 m/z. 
which respectively mark the bmit of sensitivity 
of pure silver chloride, pure silver bromide, and 
commercial silver bromo-iodide emulsions is 
effected by dyemg the grains with certain dyes 
called optical aensitisers, which confer on the 
emulsion a sensitivity correspondmg approxi- 
mately to their own absorption. This process, 
which is of the greatest technical importance, 
not only allows negative materials to record 
coloured objects m monochrome m relative tones 
which the eye appreciates as satisfactory, but 
contnbutes considerably to the effective speed 
of such materials, particularly m artificial light, 
and is indispensable for any process of colour 
photography. By an extension of the method, 
it has been found possible to photograph by in- 
visible radiation m the infra-red. 

The starting point of these developments was 
the discovery by Vogel (Ber. 1873, 6, 1302) that 
certam collodion dry plates, which have been 
treated with a yellow dye to prevent halation, 
showed some sensitivity m the green. He 
examined a number of dyes and found that some 
of them, notably coralbne, sensitised the plate 
to the green and red. His pubhshed results 
excited considerable attention and led to some 
systematic investigations of existmg dyes, 
notably by Eder and Valenta. Dyes specially 
synthesised for use as sensitisers were examined 
by Miethe and Traube (G.P. 142926, 1902) who 
found excellent sensitisers for the green and 
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yellow regions of the spectrum amongst homo- 
logues of cyanme which wore recognised as being 
the isocyamnea of Hoogewerff and Van Dorp 
(Rec. trav. chim. 1883, 2, 317 ; 1884, 8, 337). 
From then on, attention was concentrated on 
the cyanines, and it is from this class that the 
best modern sensitiscrs derive (v. Cyanine 
Dyes, Vol. Ill, 5146). To these basic dyes 
must be added the acid dye Erythrosin (Vol. IV, 
330a), which has been used since 1884 for sensiti- 
sation in the blue-green, and a whole new class 
of “ merocyanines.” These are prepared by 
condensation of various cyanine intermediates 
with compounds, usually cyclic, containing a 
reactive methylene group. Like the cyanines, 
the merocyanines form vinylene homologous 
scries in which the two nuclei may be joined by 
a double bond or by (.CH CH.)/i in which n is 
1, 2, or 3 (BP. 426718, 428222, 428359, 1933; 
450958, 1934, 528803, 1939) The numerous 
nuclei with reactive methylene groups available 
enable dyes to be prepared with a powerful 
sensitising action in any desiied part of the 
visible spectrum. 

The Mechanism of Dye Sensitisation — The 
early correlation between the absorption 
spectrum of the sensitising dye and the region 
of induced sensitivity in the silver hahde was 
found to bo mexact when closely exammed. 
The sensitisation peak was always displaced 
slightly with respect to the absorption peak of 
dye solutions. In view of the changes of absorp - 1 
tion exhibited by many dyes when dissolved m j 
different solvents, it was believed that the 
sensitising spectra would be found to be identical 
with the absorption spectra of the dyes as 
adsorbed to the silver halides. This was proved 
to be the case for Eosin by J. M. Eder (“ Beitrage 
zur Photochemie u. 8pectralanalyse,” 1904, 
Vol. Ill, p. 37) and for the cyanine dyes by 
Leermakers, Carroll, and Staud (J. Chem 
Physics, 1937, 5, 878), but left unexplained the 
mechanism by which the energy of the light 
absorbed by the dye was passed on to the silver 
halide. In attempts to understand this, the 
nature of the attachment of the dye to the silver 
halide surface was investigated. Quantitative 
experiments on the adsorption of various cyanine 
dyes (Sheppard and Crouch, J. Physical Chem 
1928, 32, 751 , Leermakers et at., J. Chem 
Physics, 1937, 6, 893 , Davey, Trans. Faraday 
Soc. 1940, 36, 323), showed that many of them 
gave isotherms with two distinct plateaux, 
apparently correspondmg to the adsorption of 
successive molecular layers. It is behoved that 
the molecules in the first adsorbed layer are 
closely packed and lie flat, each covering some 
10 Br- ions of the silver bromide lattice. At 
higher concentrations of the dye a re-arrange- 
ment may take place, whereby the dye molecules 
assume a closely packed edgo-on arrangement. 
With many dyes the onset of this orientation 
induces a new absorption and sensitisation band, 
which IS often found m water solutions of the 
same dyes, and is believed in both cases to be 
tlue to these edgewise-packed aggregates. Ac- 
cording to Sheppard, the new band is due to a 
new resonance system perpendicular to the plane 
of the molecule made possible by water mole- 
cules between the V-atoms of each overlapping 


doublet. Various foreign organic molecules are 
known, which depress the new band, presumably 
by interference with the formation of these card- 
pack aggregates. 

Other agents are known which function as 
supersensitisers, i.e., they enhance the sensitising 
action of a dye though they may bo themselves 
without sensitising action. In some cases mix- 
tures of dyes, instead of yielding the depressed 
sensitivity which is the usual result of the em- 
ployment of dye mixtures, mutually enhance the 
action of each other (U.S P 2075046-8, 1937). 

Two hypotheses are possible to explain the 
sensitising action of the adsorbed dye. One 
supposes a direct electron transfer from an 
optically excited dye molecule to the con- 
duction band of the halide , the other a transfer 
of excitation energy to a biomine ion of the 
lattice by resonance, causing it to eject an elec- 
tron into the conduction band. The weight of 
expert opmion inclmes to the latter view (Mott, 
J. Phys. Radium, 1946, [viii], 7, 249). It is 
supposed that there are certain points on the 
surface of the crystal where the energy necessary 
to transfer an electron to the conduction band is 
lower than the 3 e.v, normally necessary. 
Such discontinuities in the lattice indeed account 
for the long-wave-length tail in the absorption 
spectium of the silver halides. The energy of 
the excited dye molecule can bo passed from 
neighbour to neighbour in the adsorbed layei’ 
some 10’ times before the dye returns to its 
ground state, during whicli time there is a high 
probability that it will roach one of the discon- 
tinuities in the lattice where it is transferred to 
a bromine ion by resonance, which thereupon 
ejects an electron into the conduction band. 
On this view dye-sonsitisation merely exalts a 
sensitivity to coloured light present in germ in 
the undyed silver halide. Sensitisation by trans- 
fer of energy can occur only if the dye is adsorbed 
with a particular orientation to the crystal sui- 
face, which m turn requires a particular struc- 
ture of the dye molecule. 

Commercial panchomatic plates, sensitised 
with pinachrome and pinacyanol, were placed 
on the market by Wratten and Wamwright in 
1906, and were the first English plates to give 
correct rendering with a comparatively light 
yellow filter. They were little used except for 
commercial photography of paintings, furniture, 
etc., where distortions of tone rendermg were 
very obvious, and for early colour photography. 
Wider use followed the First World War, as red- 
sensitive plates had been found to be necessary 
for aerial photography. The motion -picture 
mdustry still relied on green-sensitive but not 
red-sensitive film (“ Orthochromatic film ”) 
until 1925, when panchromatic film began to be 
more and more used, a change-over accelerated 
by the advent of sound in 1928, which abolished 
the noisy arcs from the studios, and necessitated 
a red-sensitive film to give adequate speed with 
the mcandescent tungsten lamps which took 
their place. This film, however, was still 
sensitised with pinacyanol first produced 24 
years before. The new dyes wore not introduced 
commercially until 1931 (“ Super-sensitive ” 
panchromatic film), and immediately made 
studio motion-picture photography much simpler 
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and opened new possibilities in its scale. This 
film, and the types which have succeeded it, 
played a great part in the rise of miniature 
camera photography (by providing emulsions 
of fine gram, but with adequate speed conferred 
by sensitising) and paved the way for the present 
active developments in colour photography. 
The new dyes sensitising m the infra-red enabled 
photographic materials to be made, which, 
though useful mainly to the scientist and 
astronomer before 1939, have since been found 
extremely valuable in war-time aerial photo- 
graphy. In the laboratory, spectrum hues 
beyond 1,200 m/x. are readily recorded while 
fast and stable materials reoordmg in the range 
700-900 m/x. are available for camera use. 

Colour Photography. 

While the prmciples of colour photography as 
at present practised had been outlmed clearly 
long before 1900, the attempts to realise them 
made during the first quarter of the twentieth 
‘century, though highly ingenious and requirmg 
remarkable technical skill in manufacture or use, 
must bo regarded as the unsuccessful forerunners 
of the processes which will eventually capture 
the field. The establishment of a large black- 


and-white photographic industry during the 
same period (particularly in motion-pictures) 
has meant that the successful colour process 
must be utilisablo without radical change m the 
equipment in common use. Otherwise there is 
no market for the now material untd the 
potential users have been persuaded to buy the 
special equipment. This aspect has rendered 
obsolete many elegant processes m which colour 
reproduction was excellent, and has directed 
research to processes which, though very compli- 
cated m manufacture, are simple in the hands 
of the user. 

All the processes which haye been more than 
laboratory curiosities reproduce the colour of 
photographed objects by automatic synthesis 
from three primaries according to the principles 
of colorimetry. The reproduced colour is a 
visual match for that of the object, but may 
have a very different absorption spectrum. In 
contrast to these subjective processes a few * 
objective processes are known which seek to 
reproduce coloured objects by a reconstruction 
of the spectrum of the light from those objects, 
usually by physical moans. One of the more 
notable is the Lippmann process (1891) in which 
glass plates coated with a grainlcss (and hence 
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extremely slow) colour-sensitised silver bromide 
emulsion in gelatin or albumen were exposed 
through the glass in the camera, the sensitive 
surface bemg in contact with a mirror of 
mercury. Under these conditions standmg 
waves were set up within the emulsion layer, 
resulting m the formation of latent imago in 
layers between the nodes. After ^development 
the laminae of silver so produced JA apart were 
m a position to reflect light of the same colour 
as that by which they were formed, smce hght 
of that colour only was reinforced at each partial 
reflection, light of all other wave-lengths bemg 
destroyed by interference. The plates were seen 
as coloured positives when examined by re- 
flection before a dark background. They could 
not be copied. The micro-dispersion methods, 
in which the light from each point of the object 
was dispersed mto a micro-spectrum on the 
plate, have similarly never emerged from the 
laboratory. 

The subjective processes synthesise the repro- 
duced colour by mixing coloured light (or equi- 
valently, subtracting unwanted colour from 
white hght) m proportions determined auto- 
matically at each point of the image by the 
relative densities of three photographio separa- 
tions. The principles can be nronerly under- 

VoL. IX.— 37 


stood only by reference to the science of colori- 
metry, which IS based on the same experimental 
facts of colour vision. 

The fundamental observation on which colour 
reproduction is based is that any colour can bo 
matched by a suitable mixture of three selected 
radiations. The problem therefore divides itself 
into two aspects, the analysis of the original 
scene colour into three components or separa- 
tions, and the synthesis of the reproduced colour 
by some suitable method m which the separa- 
tions are used to modulate the respective 
amounts of three synthesis radiations. The 
principles are conveniently set out in a diagram 
(Fig. 6) due to Wright, o is one point in the 
scene being photographed, and p^, Pg, Pg are the 
three photographic sensitive surfaces, which are 
distinguished from one another by their spectral 
sensitivities, as conferred on them by the com- 
bined effects of their mherent colour sensitivity 
and a suitable colour filter interposed between 
them and the mcident hght. For satisfactory 
reproduction of natural colour Pj, pg, and Pg 
between them must cover most of the visible 
spectrum, and we will assume that p^ has its 
maximum of sensitivity in the red, Pg in the 
green, and Pg in the blue. The records made on 
Pj, Pg, and Pg, which to a first approximation 
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may be regarded as recoids of the led, green, 
and blue light m that point of the object, are 
then caused by a suitable optical or chemical 
process to affect the reproduction modulators, 
B, G, and B, which respectively modulate the 
red, green, and blue light reaching the eye from 
an external source. In colour photography, this 
analysis and synthesis is effected independently 
for each point of the picture, the geometrical 
relations of one point to another being preserved 
throughout by the photographic nature of the 
processes 

It IS convenient to consider the synthesis of 
the reproduced e(^our first. For simplicity, an 
additive piocess, in which light deriving from 
what are effectively three independent coloured 
sources reaches the eye after modulation by the 
photographic separations, is hi st desci ibed The 
conditions under which a subti active process, in 
which light from a single soui ce reaches the eye 



Fig 7 — Ciiromaticity Hiaoram Showing 
Gamut Encluskd by Aduitive Stimuli 
R, G, and b 


after successive subtractions of unwanted radia- 
tion from it, becomes equivalent to an additive 
process, are then stated, and the manner in 
which known subtractive piocesses fail in this 
equivalence desci ibed. Means by which the 
limitations and errors of subtractive piocesses 
may be reduced are briefly outlined The whole 
18 discussed with reference to the chromaticity 
diagram of colorimetry. 

The chromaticity diagram (Fig 7) is a develop- 
ment of the colour tiiangle of Maxwell and 
represents by its geometrical properties the 
expel imental laws of colour mixture. The 
chromaticity of a colour c is represented on tho 
diagram by a point whoso eo -ordinates x and y 
(and 2 where x-\-y-\-z=\) are derived by a linear 
transformation from the scale readings of a tri- 
chromatic colorimeter, the reference stimuli of 
which have already been evaluated in terms of 
tho XYZ system. The actual nature of tho con- 
ventional X, Y, and z stimuli set up by the Com- 
mission Internationale de TEclairage, and the 


reasons of computational convenience which led 
to their adoption, need not be considered. 
Suffice it to say that all real colours are repre- 
sented on the chart by the area bounded by the 
spectrum locus, and the straight lino joining its 
two ends. Tho geometiy of the diagram is such 
that the result of any additive mixture of two 
chromaticities o and o' must necessarily be 
represented by a point on the straight line join- 
ing c and o', and similarly, any additive mixture 
of three chromaticities r, g, and B is represented 
by a point inside the triangle rob. The choice 
of the synthesis stimuli r, g, and b, in a process 
of colour photography, must combine satis- 
factorily appropriate conditions of gamut, 
brightness, and practicability. In order to 
reproduce as great a range of colours as possible, 
tho arc^a of the triangle with apices R, g, and B 
should be as large as possible, provided that 
colour filters of tho chosen chromaticity are 
piactieal, by reason of the existence of dyes of 
tho required colour and stability, and are not so 
dark as to make tho reproduction process very 
extravagant in light. In practice, since saturated 
blue-greens are rare in nature, the synthesis 



Fig. 8 — Distribution Curves Computed for 
Real Additive Stimuli r, a, and b 


green may be considerably desaturated. Satu- 
rated reds and yellows, however, are common, 
and the rg side of the colour triangle must not 
he very far from the spectrum locus Tho 
diagiam shows tho approximate position of 
synthesis stimuli which have been recommended 
in practice. The synthesis stimuli having been 
chosen, it is possible to calculate the theoretical 
spectral sensitivities of the analysis systems 
pj, 1 * 2 , and 1*3 which will ensure correct repro- 
duction of all chromaticities inside the triangle 
RGB (Hardy and Wurzburg, J. Opt. Soc. Amer 
1937, 27 , 227). The distribution (Xy y^ and z) 
curves of the C.l E reference stimuli x, y, and 
z foi tho standard observer and tho equal energy 
spectrum have been established, and can bo 
transformed by purely algebraic processes to 
refer to the actual chosen stimuli r, g, and b 
used in tho additive synthesis The graph 
obtamed, which is of the form shown in Fig. 8, 
represents the relative amounts of r, g, and b 
required to match each wave-length of tho equal 
energy spectrum. An additive mixture of all 
the spectrum light between wave-lengths Aj and 
will be matched by amounts of R, g, and b 
represented by the areas under the curves 
between the wave-lengths Aj and A 2 . Any 
additive mixture whatever will be matched by 
amounts of R, G, and b represented by the areas 
under the curves, due account being taken of 




PHOTOGRAPHY. 


679 


negative portions, if the ordinates of the curves 
are first multiplied wave-length by wave-length 
by the correspondmg ordinates of the spectral 
energy curve of the source to bo matched. If, 
therefore, the spectral sensitivities of P^, P2, and 
P3 correspond to the distribution curves of R, 
G, and B, and the Imk between them and the 
modulators of R, g, and b is linear, coloured light 
will produce an effect m Pj, etc., correspondmg 
to the areas under the curves, which translated 
into a modulation of R, o, and b by the appro- 
priate linear linkage, will reproduce the colour 
for the standard observer. 

Errors arise from the lack of correspondence 
between the spectral sensitivity curves of avail- 
able photographic systems (emulsion plus filter) 
and the theoretical curves, and from the lack of 
linearity in the linkage In particular, the 
practical impossibility of realising photographic 
recording systems which respond in a negative 
sense to spectral radiation over the wave-length 
range in which the distribution curves are 
negative, causes errors in the reproduction of all 
colours (including those 'within the triangle 
RGB) which have light of these wave-lengths in 
their composition. Detailed colorimetric analysis 
enables the nature and degree of the errors in the 
reproduction to bo worked out, and reveals the 
possibilities of playing off one type of error 
against another. Most of the errors result in a 
desaturation of the colours of the reproduction 
as compared with the original (Wright, Phot. J 
1940, 80, 25). 

The additive processes reproduce the subject 
by the addition, at each point of the image, of 
appropriate amounts of light of the colours 
R, G, and B. The subtractive processes achieve 
the same result by the superposition, at each 
point of the image, of selectively absorbing sub- j 
stances which remove from an otherwise uni- ! 
formly illuminated white background the 
appropriate amounts of light of the colours 
R, G, and B recorded by the absence of deposit 
in the colour separation negatives. Analysis is 
conducted in the same manner as for additive 
synthesis, and each separation negative is then 
printed (^.e., its shadows are reproduced) in a 
colour complementary to the taking filter. 
The red separation negative is prmted in cyan 
(mmus red), the green separation negative in 
magenta (mmus green), and the blue separation 
negative in yellow (minus blue). The three 
prmts are then superposed. For the system to 
be equivalent to additive synthesis, the three 
dyes or pigments used must be (a) independent 
of each other, t.e., each dye must control its own 
strip of specjjrum with no absorption in those 
parts of the spectrum controlled by the other 
dyes; (h) stable, %.e., the chromaticity of the 
equivalent absorbed additive stimulus must 
remain constant for all densities of the minus 
colour; and (c), the dyes between them must 
be .capable of reproducing the required gamut 
of colours mcludmg black. These three con- 
ditions require that the spectral reflectance or 
transmission of the ideal dyes should be as 
represented m Fig. 9, the boundaries of the 
absorption curves being so chosen that the 
chromaticity of the absorbed spectral band is 
that of R, G, or b. 


Dyes of the ideal spectral absorption do not 
exist, lack of colorimetric compliance with con- 
ditions (a) and (6) being the chief defects. Non- 
compliance with condition (a) can bo remedied 
to some extent by masking, in which the un- 
desired adsorption of one mmus colour is com- 
pensated for by reducing the amount of another 
minus colour printed at the same point. The 
undesired blue absorption of the magenta dye, 
for mstance, can be compensated by reducing 
the amount of yellow printed at all points where 
magenta is prmted, the reduction being pro- 
portional to the amount of magenta. This is 



Wavelength {m ji) 

Fig. 9. — Ideal Reflectance or Transmit- 
tance Curves of Subtractive Colorants 
IN Full Concentration. 

done by binding up a positive mask made from 
the green filter negative with the blue filter 
negative before making the yellow print. 
Similarly the unwanted green absorption of the 
cyan dye can be compensated by reduemg the 
amount of magenta. The compensation fails, 
of course, whore it requires more than the total 
removal of the yellow or magenta, e.gr., m areas 
where the colours of the subject are more 
saturated than can be matched by any one of 
the three dyes or their combmation m pairs. 
For many subtractive printmg colours, equi- 
valent additive stimuli can be identified such 
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that the unwanted absorption of those stimuli 
by the other two dyes is proportional to the 
concentration of these dyes, for all useful con- 
centrations of the dyes. Suitable masking to 
compensate for this unwanted absorption then 
effectively reahses stable stimuli, and the sub- 
tractive system becomes equivalent to the 
additive system. In many cases the equivalent 
additive stimuli of a set of subtractive printing 
colours, so chosen, lie outside the gamut of 
physically realisable colours, and may reduce 
the negative portions of the B, o, b distribution 
curves to neghgible proportions (McAdam, 
J. Opt. Soc. Amer. 1938, 28, 460). 

In addition to the reproduction of chro- 
rnaticity, the successful process of colour photo- 
graphy must also reproduce relative brightnesses 
correctly, an aspect not covered by discussions 
based on the chromaticity diagram. In general, 
the same conditions which assure correct tone 
reproduction m black and white photography 
(Section V, p. 666o) are required also in colour 
photography. Many of them, as for instance a 
Imear relation between exposure and the final 
modulation of light in the reproduction, are 
required also for the correct reproduction of 
chromaticity. Even when the colour photo- 
graph is produced, various • psychophysical 
aspects of vision operate to reduce or enhance 
its resemblance to the original scene ; e.gf., the 
state of adaptation of the eye, the existence of a 
reference point, such as a white border to a 
colour pnnt, etc. These are discussed by Evans 
(ibid, 1943, 83, 579). 

Practical Colour Photography. — All 
colour processes effect in some manner the above 
three-colour analysis and synthesis, processes 
bemg judged by their convenience m use and the 
quality of the results they produce. Sub- 
tractive synthesis is usually preferred foi trans- 
parencies and is essential for prmts in order to 
obtain a sufficiently bright image for viewing 
under normal hghting conditions, although it is 
more difficult to reach the standard of colour 
leproduction attained in the additive processes. 
Modem processes may be classified according to 
whether the three-colour analysis is performed 
by the use of adjacent elements of time, of area, 
or of depth. Each system (discussed in turn 
below) has its characteristic advantages and dis- 
advantages, progress in the art consisting of a 
reduction of the latter while retaining the I 
former. ! 

Analysis by Successive Exposures . — For sta- 
tionary objects, three exposures can be made in 
succession to produce the separation negatives 
on three distinct areas of negative material. 
Suitable clock or motor-driven mechanisms may 
reduce the total exposure to a value where it 
becomes practical for portraiture. The process 
fails for faster-moving objects and cannot be 
used m its mechanised forms except by the pur- 
chase of the specialised equipment, which is 
rarely very portable. On the other hand, the 
three negatives can be handled separately by the 
ordmary processes of black and white photo- 
graphy and (with a properly computed lens) are 
all of the same size. 

Aruilysia by Use of Adjacent Areas, — ^Three- 
colour cameras, in which fight beams from the 


object are diverted by beam splitters to three 
separate areas of sensitive surface, each with its 
appropnate filter, have provided a fertile field 
for inventors and modem examples of such 
cameras are practical, if expensive, pieces of 
apparatus. Commercial examples all have the 
beam-splitting partial reflectmg mirrors behind 
the talang lens. The overall speed is apt to be 
slow, since only part of the hght traversmg the 
lens reaches each takmg filter, where it is again 
reduced. The negatives may also suffer from 
colour wedgmg due to alteration in the reflec- 
tivity of the mirrors at different angles of 
mcidence. The use of pelhcle mirrors, and of 
reflectors so treated as to have preferential 
reflection for chosen spectral regions, while 
remaimng transparent to the others, are com- 
paratively recent advances. 

The mosaic screen processes provide an 
elegant solution to the problem of simultaneous 
analysis and can be very simply reversed 
(Section III, p. 663c) to yield a coloured picture 
by additive synthesis. Their simplicity, and the 
fact that they can be used in ordmary cameras, 
have assured them of a steady market. The 
materials consist of a reversible panchromatic 
emulsion coated on a mosaic screen made up of 
juxtaposed minute areas of taking filter. The 
elementary areas are too small to be resolved 
by the eye m normal vision, and the screen 
appears as a grey, bemg an additive mixture of 
the colours passed by the filters. On exposure 
through the screen, the latent imago produced 
under the totahty of elements of any one colour, 
say red, is a (broken) separation record for that 
colour, and similarly for the two others. The 
screen is so fine that it does not significantly 
mterfere with the resolution, for unaided in- 
spection. On reversal, additive synthesis occurs, 
smee each broken filter becomes in effect bound 
up with a black positive made from the equi- 
valent separation record. 

In an ideal additive process, as long as the 
points on the chromaticity diagram representing 
the viewing stimuh enclose the required gamut, 
the spectral distribution of the light passed by 
each 18 immaterial. Not so w^th the taking 
filters, which should bo such that the efiective 
spectral sensitivity of the emulsion-filter com- 
bination corresponds with the observer’s colour 
mixture curves for the chosen viewmg stimuli 
(and will involve unreahsable negative portions). 
Where the viewmg and taking filters are the 
same, as m the reversible mosaic screen pro- 
cesses, detailed colonmetric analysis enables the 
best compromise curves to be deduced, and the 
errors resultmg from the neglect of the negative 
portions to be evaluated (Harrison and Homer, 
Phot. J. 1937, 77, 706). In general, the theo- 
retical requirement that the takmg filters shall 
have large overlaps in their curves of spectral 
transmission results in viewmg filters less 
saturated than is desirable. The compromise 
restores the saturation by hmiting the overlaps, 
with a consequent reduction m hue discrimina- 
tion (for coloured hght consistmg of narrow 
spectral bands). 

The manufacture of the commercial mosaic- 
screen process materials is in many ways a 
technical triumph. The screens may be irregular. 
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and made by dusting a mixture of coloured 
particles starch, gums) on to a tacky sur- 
face, followed by rolling; or may be regular, 
the three colours bemg distributed in a repeating 
pattern by photomechanical or printing tech- 
niques. Although the individual elements of 
irregular screens may be much smaller than the 
corresponding elements of regular screens, chance 
aggregates of elements of like colour may make 
the presence of the screen more noticeable. 
Screens made to a very precise regular pattern 
on rigid supports may be used in conjunction 
with a separate panchromatic plate. A normal 
positive transparency made from this is re- 
registered with a separate viewmg screen. 

An elegant optical equivalent of the mosaic- 
screen process, with advantages in ease of manu- 
facture, is found m the lenticular process. The 
transparent support of a panchromatic emulsion 
IS embossed with mmute lenticular ndges on the 
back, some 20 per mm. The material is exposed 
in the camera with the emulsion away from the 
lens, and the lenticulations are so shaped as to 
image the aperture of the taking lens m the plane 
of the emulsion. A banded tri-colour filter is 
placed in the front nodal plane of the lens. 

In the camera the main drawing of the image 
is done by the camera lens, but minute portions 
of the picture are analysed into three adjacent 
areas on the emulsion layer under each lenticule. 
On reversal and projection by means of a similar 
optical system, the colours are additively 
synthesised on the screen. In this case the light 
emerging from the strip corresponding to any 
one separation is bent by the lenticule so as to 
fall on the appropriate section of the three- 
banded filter in the projector lens. 

The mtegral additive systems, though lending 
themselves to simple processing by recognised 
black and white techniques, are extravagant in 
light on projection (as m the cinema), since the 
brightest white cannot be greater than that pro- 
duced by the sum of the light passing the three 
imobstructed filters. The degree of enlargement 
is hmited to that point where the mosaic struc- 
ture of the material becomes visible. The 
making of duplicates is attended by great 
difficulties, either by reason of desaturation due 
to the overlapping of the spectral transmissions 
of the filters (so that the effects of the light pass- 
ing the elements of one colour in the master 
cannot be confined to the elements of the same 
colour in the copy), or by the production of 
moir4 patterns due to the combination of the 
two screens. Nevertheless the screen processes 
have wide use for commercial photography as 
originals for photomechanical reproduction and 
guides for the colour etcher. For such uses the 
practicability of immediate processing in the 
photographer’s darkroom is a decided advantage. 

Analysis in Depth , — ^Analysis by means of 
superposed emulsions, each effectively sensitised 
80 as to record one separation, utilises the taking 
light with fair efficiency and the superposition 
of the records is a construction ideally suited 
for subtractive s 3 mthesis of the photographed 
colour. These advantages have only become 
accessible within reqjsnt years with the successful 
development of means of processing the in- 
dividual layers of an inseparable tripack to the 


required minus colour. Previous attempts to 
use tripack constructions which were separated 
for processing have had little commercial success 
as they have forfeited the advantage of auto- 
matic register while the necessity of supporting 
each emulsion on a support which would stand 
the processing operations without distortion has 
diffused the definition of the rear records. This 
is the more serious as one of them is the red 
record prmted in cyan, a colour m which lack of 
definition is readily seen. In a tripack both the 
green and red sensitive emulsions must be pro- 
tected from blue hght by a yellow filter in- 
corporated m the pack behind the blue sensitive 
layer, which comes first. 

A combination of a bipack with a beam splitter 
to make the third separation improves tho 
definition as the emulsions of the bipack may 
be coated on normal support and exposed face 
to face. Tho beam spbtter is simple as it only 
involves one mirror, or prism. This system is tho 
basis of “ Technicolor ” cinematography on the 
takmg side. Its need for a special beam-splitter 
camera, however, has hmited its commercial use 
substantially to this particular field 

The integral tripack or monopack avoids these 
difficulties by tho use of three differently sensi- 
tised emulsions, each some 5/x. thick, on top of 
one another on tho same side of a support. The 
layers are processed directly to positive coloured 
part images. The optical contact between 
them and their small thickness gives good 
definition, while register is automatic and tho 
complete product usable in any normal camera 
without change. Given satisfactory speed and 
colour rendeimg, these are tho ingredients for a 
commercially successful process, as *the pro- 
cessing of the exposures can be done as a factory 
operation under scientific control, while the final 
subtractive result requires the purchase of no 
special viewing machinery or extra hght. 

Most of the processes on tho market at tho 
time of writing (1945) utilise the technique of 
coupling colour development for the preparation 
of the minus-colour positive images in each layer 
of the tripack. This technique, the chemistry 
of which is discussed below, produces a dye 
image in situ with a silver image in a photo- 
graphic emulsion by coupling the oxidised 
developer with an added coupler. The rise in 
the importance of this process concurrently with 
the monopack materials is due to properties 
which make it peculiarly suitable for the pro- 
duction of colour images in the mseparablo 
layers of a tripack. These are {a) the possibility 
of includmg colourless couplers in each layer 
before exposure, where they remain harmlessly 
m wait until coupled with the imagewise pro- 
duced oxidation products of a single developer 
applied to all three layers, (6) the convenience of 
processing a latent or silver salt image to colour 
m one step, and (c) the immunity of an imago 
processed to colour m one layer from replace- 
ment or destruction by different colour-forming 
agents of its own kind applied for the purpose 
of colour development in an adjacent layer. 
The manufacture of a multi-layer monopack 
material by the successive application of thin 
red-sensitive, green-sensitive, and blue-sensitive 
emulsions to a support, with a bleachable yellow 
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filter layer between the blue- and green-sensitive 
layers, and the balancing of the emulsions for 
speed and contrast, are difficult but non-novel 
extensions of black and white practice. It is the 
differential imagewiso colour formation in each 
layer rendered possible by the properties of 
colour development listed above which makes 
the process practicable. 

Existing systems may bo classified as to 
whether the couplers are included in the layers 
during manufacture, or are present m the 
developing baths alone The former system 
facilitates processing as the distribution of the 
right minus colours to the right layers is auto- 
matic on development in one bath. Its success- 
ful realisation by the discovery of couplers sub- 
stantive to gelatin, or by the device of the pro- 
tected coupler (in which the coupler is dissolved 
in minute pai tides of an immiscible transparent 
organic material dispersed throughout each layer) 

( B.P 505834), has in\ olved an enormous amount 
of resear eh Without these features the couplers 
trespass into the wrong layers or are lost in the 
baths On the other hand, such bound couplers 
may be iiu apable of yielding dyes of such good 
colour or stability as those afforded by the 
second system, where both the developing agent 
and the coupler can bo chosen for dye colour 
and stability without reference to the effects of 
the chemicals on the keeping properties of photo- 
graphic emulsions, oi the efiects of couplers 
retained in the film on the lights of the coloured 
jiicturc With this lattei techniciue the appro- 
jiriato developers must be made to act in the 
light layers by the use of baths of limited rate 
of diffusion, OI by the utilisation of the sensitivity 
of the layers to punting lights, the action of 
which IS confined to the appropriate layer by 
reason of its colour sensitivity, or by reason of 
temporary screens between layers produced in 
processing and provided for in the construction 
of the material For the controlled diffusion 
method, solutions of reagents in organic solvents 
containing a small propoition of water aic 
applied to the dried film. The water slowly 
swells the gelatin from the top downwards, the 
reagents acting only on the swollen layer or 
layers. The solutions may be developers that 
act only on the upper layer or layers, or they 
may bo bleachers that remove the incorrect dye 
images from the upper layer or layers, leavmg 
the lower layers unchanged. The bleach may 
be designed to convert the silver associated with 
the dye in the bleached layers to a silver salt 
which can subsequently be redeveloped to a 
different colour. For one form of the selective 
exposure method applicable to reversal film, the 
sensitisers and filter layer are selected so as to 
survive the first development The film is then 
exposed through the back to red light, which 
affects the residual silver bromide of the bottom 
emulsion alone, and is developed in a cyan 
colour developer. Exposure from the front to 
blue light follows, followed by development of 
the residual silver bromide of the top layer to 
yellow. The middle layer residual silVer bromide 
can then bo developed to magenta Removal 
of all the negative and positive silver in a bleach 
which does not attack the dyes completes the 
process (Mees, Phot. J. 1942, 82, 300). These 


monopack pictures can be readily duplicated, or 
may be used in a negative-positive procedure. 
In the latter case the colours developed m the 
various layers of the negative need not be com- 
plementaiy to their spectral sensitivity, nor the 
sensitivities of the layers of the print material 
complementary to the yellow, cyan, and magenta 
colours developed in them. All that is necessary 
is that the absorptions of the dyes m the red, 
green, and blue separations of the negative 
material should register only in the layers of the 
pnnt developed respectively to cyan, magenta, 
and yellow. 

A different scheme for obtaining a subtractive 
colour picture in a monopack material is duo to 
Caspar, Christensen, and others. This depends 
on the destruction of uniformly distributed dye 
in those regions where there is a negative silver 
image. The presence of a dye in each layer, 
complementary to the colour for which the layer 
18 sensitised, reduces the speed and contrast, 
since the light absorbed by the dye cannot con- 
tiibiite to latent image formation As a remedy 
for this condition, Caspar proposed sensitising 
each layer for a spectral region transmitted by 
it and by the overlying layers. For example, in 
one arrangement of a printing material for coat- 
ing on paper, the top layer was dyed cyan and 
contained a silver chloride emulsion sensitive to 
green but not to blue, the middle layer was dyed 
magenta and contained a blue-sensitive silver 
bromide emulsion, and the bottom layer was 
dyed yellow and sensitive to infra-red. Prints 
were to be made on this paper from a camera 
rnateiial m which the top layei was blue 
sensitive, but was undyed at the time of ex- 
posure, the dye being introduced m the course 
of processing This dye was of a cyan colour 
with considerable absorption in the infra-rcd 
The middle layer was green sensitive and con- 
tained a yellow dye ; the bottom layer red 
sensitive with a magenta dye. This camera 
material was processed to a positive m false 
colours, which were corrected in the print (see 
B.P, 408991, 409287; 415040; 483300; 

485552) Alternatively, colourless dye-formers 
are added to the layers. The dyes are synthe- 
sised uniformly after exposuie and then bleached 
in situ with the negative image (B.P. 503873; 
488853; U.S P 2106049) 

Chemistry of Various Methods of 
Obtaining Minus-Colour Images. 

Coloured pnnts from separation negatives can 
be made by a variety of procedures, the final 
step in each method requiring the superposition 
j of the three minus-colour positives in register 
I on one support Excellent results have been 
attained by the use of Carbon and Carbro as out- 
lined in Section VI, the pigment tissues being 
specially chosen for three-colour synthesis. Un- 
pigmented reliefs prepared by the same reaction, 
or directly in silver halide emulsion layers by 
the action of tannmg developers, or hydrogen 
peroxide etch bleaches, or by the reduction of 
dichromates by the developed silver, are used 
m transfer or imbibition printing to transfer a 
regulated amount of dye to a final support. 
Except for the etch- bleach method, in which an 
acid solution of hydrogen peroxide destroys the 
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gelatin in situ with the silver image, the ex- 
posures must be made through the support, 
otherwise the tanned gelatin produced with the 
silver image will float away when developed in 
hot water. When developed, the relief or matrix 
is dyed up in the appropriate colour, the dyes 
used being mostly acid wool dyes chosen for 
their colour, fastness, and rate of transfer. The 
dye bath must bo acid to flx the dye to the 
gelatin, the amount of acid determining the con- 
trast of the image in a given matrix The dyed 
and still wet reliefs are then put down in turn 
onto a mordanted blank gelatin layer, which 
forms the image-bearing layer of the final colour 
print or film. The alum mordant is necessary 
to assist transfer and to prevent diffusion and 
loss of definition Tins system is used for making 
the release prints of “ Technicolor ” cinemato- 
graphy. Prints have also been made from plano- 
graphic matrices in which the degree of tanning 
\aiics imagewiso from point to point, but the 
iintanncd gelatin is not removed by hot water 
Special dyes which only stain the untanned parts 
are required for this piocedure (“ Finatype ”) 

Chemical toning is also practised for colour 
jirmt making, the images bemg converted into 
coloured insoluble metallic salts, usually by way 
of a silver ferrocyanido image, e g., lead chromate, 
cadmium sulphide, vanadium ferrocyanide, 
mercuric iodide for the yellow ; nickel dimcthyl- 
glyoximc for the magenta, prussian blue for 
the cyan. Some form of stripping material 
must bo used so that a final print may bo as- 
sembled from the three toned silver images 
Some of the above toned images are only 
approximations to the right colours and are ajit 
to bo opaque Chemical treatment of a silver 
image to convert it into a mordant for basic 
(lyes, whicli ate washed out of the non-imago 
bearing gelatin, forms another procedure for 
making colour prints Among the mordants 
jiroduced m this way are cupric ferrocyanide, 
( upioiis thiocyanate, and silver iodide. The 
opaque mordant can sometimes be removed after 
fixing the dye by tieatmcnt of the whole layer 
with tannic acid Alternatively, the mordant 
may be made in a transparent form by choosing 
the conditions so that it is precipitated as a very 
fine-grained colloidal dispersion, e,g,, the iodine 
bleach used for converting a silver image into 
the iodide is compounded with a large excess of 
potassium iodide (B.P. 100098). The mordant 
processes suffer from the indifferent fastness of 
basic dyes and the difficulty of ensuring a con- 
stant relation between the amount of dye 
absoibed and the silver image. All the processes 
v/hich employ separately produced part images 
are apt to run mto difficulties of registration, 
due to the uneven expansion of paper and film 
supports An elastic support (such as regener- 
ated cellulose) may bo deliberately introduced 
at one stage so that later images transferred to 
the final support may be accurately registered 
with the earlier by slight local stretching. 

Chemistry of Colour Development . — Although 
coloured images can be formeii by the oxidation 
of the developing agent alone at the site of 
development, this “ primary ” colour develop- 
ment has not been used in commercial processes. 
Agents for achieving suitable images for three 


colour photography are described in a number 
of patents ; e g , substituted naphthols, especially 
ammo-naphthpls (B.P. 498869), various amino- 
pyrazolories (BP. 459665; 461006). The dye 
18 formed by condensation of a molecule of the 
oxidised agent with another unchanged molecule 
or with another of its own kind. 

The technique of coupling or “ secondary ” 
colour development has been the subject of a 
great deal of research, its results being recorded 
in a mass of patent specifications (some 130 
British patents alone) Many of these are con- 
cerned with properties of the system which 
make it more suitable for the development of 
coloured images in the layers of an integral 
tnpack ; r gr , the attachment of special groups 
to the molecule of the coupler so that it becomes 
so largo as to bo fast to diffusion. Tho group- 
ings proposed are many : radicals of diphenyl, 
stilbono, azoxybonzeno, bcnzthiazole, certain 
phenols, aryl ureas, oxynaphthoic acid amide 
(B P. 458400) , the radicals decyl, steaiyl, and 
oleyl (B.P 465823) ; highly polymeric car- 
boxylic acids (B.P. 479838) ; carbohydrate 
residues (B.P. 483000) , polypeptulo residues 
(BP. 484698); sterol residues (BP 489093), 
chain molecules in which the colour-former 
grouping occurs soveial times periodically (B P 
489161; 5567()8); resm residues (B P. 489274) ; 
resinous coupleis (BP. 562675; 543290; 

535341). Other patents deal wuth various 
practical aspects of the device of tho protected 
couploi ; eg y tho choice of resins (B P. 536329 ; 
524554 ; 544064) ; the inclusion of coupleis in 
insensitive layeis adjacent to the sensitive layers 
(B.P. 503752, 5511 17). 

In considering tho nature of colour develop- 
ment, however, a similar listing of specific 
recommendations is impracticable, as some 
hundreds have been proposed in patents, most 
being concerned with substitutions and groups 
m parts of the molecule remote from the re- 
active centre, such substitutions being made in 
the interests of improved colour or stability of 
the dye. Despite the multiplicity of such pro- 
postils, the dyestuff formed has the general 
structure 


R"N.C 


/R 

\r' 


where R" is m general an ammo-benzene radical 
or derivative, derived from tho developing agent, 
and R and R' are part of tho coupler molecule 
and may be a ring closure The — N C — group- 
ing is characteristic of these “ azomethine ” 
dyestuffs and is tho chromophore m them*. The 
dye 18 formed by the coupling* of a reactive 
methylene group in the coupler with an ammo 
group m the developer, both reactive hydrogens 
being oxidised off by the silver halide : 


MeaN^ )NH2 + HaC^ -f 4Ag+ 

\ / ^R' 


Me« 


/ \ 

N( >=C<: + 4Ag + 4H+ 

\ / 
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This is similar to a condensation discovered by 
Ehrlich and Sachs (Ber. 1899, 82, 2341), in which 
the unsubstituted amino group of the above 
equation is replaced by nitroso : 



/R 



/R 

N.c; + H-O 


The application of those reactions to the pre- 
paration of dye images in photographic layers 
was first described by Fischer (B.P. 15055, 1912 ; 
2562, 1913). 

For the developer portion R'", aromatic 
ortho- and para-diamines are used, p- 

dimothylaminoanilmo and extensively sub- 
stituted analogues (e,g., 2-amino-5-diethylamino- 
toluene ; 1-acetoacetyl-p-phenylcnediamine) 
The substitution may take the form of a hetero- 
cyclic ring fused to the benzene ring, e.g., 

NH 


X 

w'here the R — N portion of the ring can be any 
of a number of groups, all completely hydro- 
genated (U.S.P. 2196739). X may be an alkyl, 
hydroxy-alkyl, or allyl group, or a hydrogen 
atom. 

For the coupler portion 




R 

R' 


R and R' may be the adjacent carbon atoms 
of a benzene ring, e g., phenolic bodies, the 
resulting dyestuffs of the indoaniline or indamino 
types being m general less stable than the 
azomethine dyes formed from couplers m which 
the hydrogens of the methylene group are 
rendered reactive by linkage to R and R' 
through oyano, carbonyl, etc. R and R' may 
be atoms of a. heterocyclic or 5-mombered 
carbocylic ring; e.g., pyrazolone, coumarone; 
the former being particularly valuable for the 
magenta colours (U.S.P. 1969479). R may be 
a single atom or simple group, the colour of the 
dye being determined by the complexity of R', 
c.g^., R cyano ; R' nitrophenyl, acetyl, benzoyl, 
and other complex hydrocarbons linked through 
carbonyl. Both R and R' may be complex 
groups Imked by carbonyl, as m acetoacet- 
anilide, benzoylacetone, acetoacetaminophenyl- 
morpholine. R may be as above, R' a complex 
lieterocychc group, as in 3-phenyl-5-acetonyl- 
l:2:4-oxodiazole. Other examples and a review 
of the literature are given by Tull (Phot. J. 1945, 
85 B, 13), who also discusses the mechanism of 
the reaction. The baths are prepared with a 
small quantity of sulphite, and the coupler 
added just before use in alcoholic or caustic soda 
solution. 


The dye-bleaching processes depend upon the 
local destruction of uniformly distributed dyes 
m the presence or absence of the silver or silver 
salt image or of a conversion product of such an 
image. In the most important of these pro- 
cesses, either a silver image is used as a catalyst 
for the destruction of dyes in a solution of a 
reduemg agent, or a silver image is itself used as 
a reduemg agent under suitable conditions sup- 
plied by a bleaching solution. Certain dyes are 
destroyed by hydrosulphite only m the presence 
of the silver (Christensen, B.P. 133034). In 
B.P. 395718, 397159, 397188, Caspar describes 
image formation by the destruction of acid-azo 
and other non-leuco forming dyes by moans of 
acid solutions of thiourea, semicarbazide, guani- 
dine, etc. Other reducing agents are given in 
B.P. 397188, 397192. These last destroy the 
dye %n situ with the undeveloped silver halide, 
and thus give a negative image from a negative. 
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PHOTOSENSITISATION {v, this Vol., 
p. 5916). 

PHOTOSENSITIVITY OF DYE- 
STUFFS . One of the most important qualities 
which a dyestuff can possess is that of resistance 
to fading when exposed to light. However 
desirable its other properties may be — biilliance 
of shade, ease of application, fastness to washing 
— if it 18 fugitive when exposed to light its useful- 
ness is severely limited. Many of the early 
synthetic dyes, especially the so-called ** aniline 
dyes,” faded very quickly, and echoes of the bad 
reputation they earned can still be heard. There 
are now, however, ranges of synthetic dyes for 
almost all purposes of very high fastness indeed. 
This has come about mamly through the dis- 
covery of new classes of dyes, or of new variants 
of knowm classes, having inherent light fastness. 
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not because any deep understanding has been 
achieved of the fading process or its prevention. 
Perhaps because of the success of the empirical 
method of approach, scientific research on the" 
complex subject of the photochemistry of dyes 
has not been pursued far. Nevertheless it is 
true that many of the fastest dyes are expensive, 
and it would be an outstandmg achievement if 
methods could be discovered to make some of the 
cheaper dyes resistant to fading. 

Although fading is the most obvious, it is not 
the only manifestation of the effect of light on 
dyes. The photosensitivity of dyes may be 
manifested by the following phenomena : 

1 . Fluorescence. 

2. Phototropy, a reversible change of shade 

or hue. 

3. Fading, i e., permanent change in shade, 

generally culminating in complete de- 
struction of the colouring matter. 

4. Photosensitisation, by which the irradiated 

dye induces chemical changes in its 
environment, c <7., in the substrate. 

It IS not proposed in this article to discuss 
lluorescence, although there may eventually be 
found to bo a close connection between this 
phenomenon and that of fading. A short ac- 
count of phototropy will be given, but most 
attention will be concentrated on fading and 
photosensitisation. 

PHOTOTROPY. 

Some dyes undergo a rapid change of shade 
when exposed to bright light on a fabric, the 
original shade being gradually restored when the 
light source is removed. This phenomenon is 
shown, e g , by certain simple azo dyes derived 
from p-arainoazobenzene, especially when dyed 
on acetate rayon. It has led to the rejection for 
techmeal use of some otherwise desirable dyes, 
for clearly such dyes would give a patchy appear- 
ance to an article exposed unevenly to light. 

The cause of phototropic change is not by any 
means understood. Superficially there would 
appear to be a disturbance of equilibrium con- 
ditions between two differently coloured isomers 
by the action of light. It was shown by G. S. 
Hartley that azobenzene changes on exposure to 
the light from its normal trana-ioTm to a mixture 
of isomers containing a major proportion of the 
stereoisomeric cis-form, the two forms having 
different absorption spectra. Hydroxy- and 
amino-derivatives of azobenzeno apparently 
undergo a similar transformation but the cia- 
forms of those are less stable than cw-azobenzene 
and revert so quickly to the trans-ioTm that they 
cannot be isolated (J.C.S. 1938, 634 ; see also 
A. H. Cook, ibid. 1938, 877). There is not yet, 
however, any evidence that the phototropic 
change of azo dyes on the fibre is due to this 
trans cis isomerisation. The phenylhydra- 
zones of some aromatic aldehydes, which are 
chemically closely related to azo dyes, have long 
been known to be phototropic and have been 
studied by several workers. Graziani showed 
that the phenomenon is infiuenced by substitu- 
tion in the aromatic nucleus. Benzaldehyde- 
phenylhydrazone is phototropic, but chlorme in 


the o-position in the aldehyde nucleus inhibits 
phototropy and in the m-position enhances it 
(Atti R. Acad. Lincei, 1913, [v], 22 , i, 623). 
According to Stobbe* the phototropy of benz- 
aldehydephenylhydrazone in alcohol does not 
occur in absence of oxygen. The same author 
has examined the phototropy of 4.4'-diamino- 
stilbene-2:2'-disulphonic acid and its derivatives. 
The diacetyl derivative and its salts, for in- 
stance, are strongly phototropic, and again 
oxygon is found to accelerate the colour change 
(Ber. 1913, 4f6, 1226; see also Annalen, 1908, 
869 , 37). There is evidence, therefore, that 
phototropy is not a purely physical phenomenon. 

THE FADING OF DYES. 

In spite of its technical importance there is 
no comprehensive account in any textbook of 
the fading of dyestuffs, or of the study which 
has been from time to time devoted to the sub- 
ject. The published information is to bo found 
widely scatteicd in a variety of journals, 
scientific and technical. Scientifically con- 
sidered, the subject is a branch of photo- 
chemistry, and although this science, alongside 
that of spectroscopy, has made great advances 
during the past 20 years, it has not yet got beyond 
the stage of interpreting photochemical reactions 
of a very simple character, mostly those taking 
place in the vapour phase. On the technical 
side, most attention has been given to standard- 
ising the methods of evaluating the fastness to 
light of dyes, and to discovering by empirical 
methods, guided by o.xperience, new dyes having 
better fastness than those already known. 
Study has also been made of the factors govern- 
ing fading, and attempts have been made, with 
some success in a few cases, to discover methods 
of treating dyed fabrics to improve their 
fastness. 

The Technological Assessment of tub 
Light-fastness of Dyes. 

Both the manufacturer and the user of dyes 
need a standardised technique for determining 
how resistant a dye will prove to the action of 
light. He must be able to compare one dyestuff 
with another and, m addition, it is desirable to 
have a quantitative scale to express the fastness 
of a dyestuff. Experience has shown that the 
latter is best done by reference to a scale of 
fastness represented by a range of standardised 
dyeings varying from the very fugitive to the 
very fast. Many years of careful experiment 
have been devoted to devising satisfactory tests 
and a set of standards, in England by a com- 
mittee set up in 1927 under the auspices of the 
Society of Dyers and Colourists, which published 
its findings m 1934, and in Germany by an 
Echtheits-Kommission which was formed 111 
1911 and has published reports at intervals, the 
last in 1936. Similar work has been done in 
America. This work has had to take into ac- 
count the many complex factors affecting the 
fading of dyestuffs, a thorough understanding 
of which is necessary if the implications of a test 
are to be fully appreciated. 

The technologist is not concerned with the 
stability to light of a pure dyestuff in substance, 
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but with the fastness of a dyed textile fabric or, 
m the case of a paint or pigment, with the 
fastness of the pigment, which may itself be a 
complex of dye and substrate, in a particular 
medium. It is (piito common for a textile dye 
to show very different behaviour according to 
the material on which it is dyed, whether this 
bo a cellulose fibre such as cotton or linen, a 
protein fibre such as wool or silk, or a synthetic 
material such as one of the rayons or nylon. It 
has recently been found, for instance, that 
dispersed dyes on nylon are less fast than the 
same dyes on cellulose acetate rayon (Abbot, 
J Soc Dyers and Col 1944, 60 , 57), whilst the 
difference in fastness between dyeings of the 
same dye on wool and cotton has long been 
recognised Mordant dyes will vary in fastness 
according to the moidanting agent used, and 
pigment dyes according to the substrate and the 
vehicle in which they are suspended In practice 
sunlight or diffused daylight is generally the 
fading agent,* and the amount of fading will be 
affected by the intensity of the light, by the 
latitude of the station where the exposures are 
made, and by elevation above sea-level. The 
humidity of the atmosphere is, for many dye- 
stuffs, of great importance, humid conditions 
f.ivouring more rapid fading. The presence of 
iridustiial gases in the atmosphere, such as sul- 
phur dioxide, hydrogen sulphide, and oxides of 
nitrogen, is liable to influence fading, sometimes 
profoundly with certain chemical types of dye 
and certain substrates Temperature, although 
not an important factor where simple photo- 
chemical change is concerned, may have an im- 
portant influence on the complex systems under 
consideration, and in making exposure tests 
heating must bo pi evented. The piesence of 
associated, non -coloured substances on a dyeing 
may influence fading {see later) «aiid the acidity 
or jilkalinity (pH) is an important factor The 
physical condition of the substrate is another 
factor to be reckoned with, and in preparing 
samples for test the specification should describe 
the exact nature of the material to be used The 
quantity of dyestuff on the patterns is also im- 
portant, since gencially a heavy shade is fastoi 
to light than a pale shade on the same substrate 

Practical Methods of Making Light 
Tests. 

The method of carrying out light-exposure 
tests depends to a considerable extent on the 
number of patterns involved, the facilities avail- 
able, and the type of information required 
llnder the most favourable circumstances the 
patterns may bo exposed in the open to direct 
sunlight without protection, but this requires 
the keeping of a continuous "Watch so that the 
patterns may be protected if the weather 
deteriorates. It is the usual practice, except 
where information on weathering is required, to 
expose the patterns continuously at an angle of 
45® facing south under glass and to arrange for a 
free circulation of air around the exposed 
material. Other angles and directions of ex- 
posure are sometimes preferred according to 
individual circumstances. In carrying out tests 
under glass, the rate of fading is much reduced 
if the glass is allowed to become dirty, so that 


frequent cleaning is necessary. A portion of 
each pattern is covered or protected from the 
light to serve as a comparison against the faded 
’|)ortion or portions. It may be desirable that a 
stepwise fade should be obtained for compara- 
tive purposes, and for this purpose after a suit- 
able time of exposure a portion of the originally 
exposed pattern is covered with an opaque mask 
such as black paper, and the exposure of the 
remainder is continued. Where a considerable 
number of patterns is involved all should be 
covered at the same time so as to make the test 
comparative. In deciding when the exposures 
arc ripe for assessment, the factor of personal 
judgment and the particular requirements of 
each set of tests come into play and must 
receive consideration. 

The rate of fading by exposure to sunlight will 
vary considerably with the latitude and the 
time of the year In northern latitudes, e g,, 
little hiding occurs between October and April 
except of very fugitive dyes For many 
practical purposes a rapid estimation of light 
fastness is essential and much attention has 
been devoted to the development of instruments 
generating light equivalent in fading action to 
the midsummer sun and suitable for continuous 
operation. Although it cannot yet be said that 
complete success has been achieved, several 
instruments are now regarded as giving results 
of satisfactory commercial and technical value. 
In Great Britain the “ Fugitomctoi ” is recom- 
mended by the 8ocit‘ty of Dyers and Colourists 
for accelerated ffiding tests, while the American 
Association of Textile Chemists and Colorists 
recommends the “ l<^adcometer.” The relative 
fastness of dyestuffs using these artificial light 
souiccs is not always found to bo the same as 
when using sunlight, no doubt because the 
distribution of light intensity in different parts 
of the spcctium is not the same 

In the eaily development stages there was a 
distinct difference between the above two in- 
struments for, although both utilised the violet 
carbon arc as the light source, the only humidify- 
ing device in the Fadeometer was a shallow 
trough of water placed below the arc, whereas in 
the Fugitometer the question of humidity had 
been carefully studied and a really serious effort 
was made to obtain a fair degree of control over 
this factor by fitting special humidifying 
apparatus. As the factors affecting light fading 
have become more clearly understood, the two 
instruments have undergone continuous modifi- 
cation and the latest models function in a similar 
manner, both having the same source of light, 
both being fitted with temperature and humidity 
controls, and both having the means for rotating 
the test exposures round the arc. 

A high intensity arc lamp in use at the British 
Cotton Industry Research Association labora- 
tory for fading tests has been described by H. 
Hunter {ibid, 1940, 56, 64). 

The Fugitonneter (Kelvin, Bottomley, and 
Baird, London and Glasgow). 

This machine designed by the Woollen In- 
dustries Research Association {see ibid, 1928, 44 , 
207) utilises a carlyjn arc lamp with a con- 
tinuous burning period of 18-20 hours, the size 
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of the arc being approximately I in. The arc 
lamp ia surrounded by a cylindrical cold water 
bath for cooling purposes, which feeds another 
shallow water bath fitted with a constant-level 
device, electric immersion heater and thermo- 
static control. In conjunction with a small, 
variable speed, electric fan this second water 
bath enables the flow of humidified air over the 
patterns to be controlled. 

The dyed patterns to be examined are placed 
in fifteen special containers which are suspended 
on the inside of the outer casing of the machine 
and revolve slowly round the arc. No glass is 
used in the exposure frames, which simply screen 
a portion of the test samples and freely expose 
the remainder. 

The Fadeo meter (Atlas Electric Devices Co., 
Chicago, 111.). 

This machine also employs an enclosed carbon 
arc lamp similar in design and principle to the 
Fugitometer lamp. The ventilating system uses 
filtered air and the temperature is controlled 
automatically to within I:3 °f. by means of an 
electric blower .and dial type thermo -regulator 
A water reservoir forms the base of the testing 
chamber and into this dip wicks stretched over 
wire frames of stainless steel. Water is 
evaporated from these wicks by the filtered air 
and so the exposures are conducted under con- 
trolled conditions of temperature and humidity. 

The number of specimens to be tested simul- 
taneously may bo varied from 21 to 126 depend- 
ing upon the size chosen. Standard holders and 
masks for a variety of materials are provided 
and are hung in the testing chamber on an 
annular fiame which rotates round the lamp at 
constant speed and at a fixed distance of 10 in. 

An exposure time switch provides an auto- 
matic means of shutting off the Fadeom^ter at 
any predetermined time within 24 hours and also 
records any interruption in electric service. 

The Light Fastness Scales in Use. 

By any of the above practical tests it is com- 
paratively easy to determine whether one dye- 
stuff IS faster to light than another when applied 
to the same substrate, but it is much more 
difficult to assign quantitative values to the 
respective degrees of fastness which will have a 
significance apart from the particular test. If 
the quality of sunlight and the conditions of 
exposure were always the same it might be 
possible to build up a scale of light fastness 
related to the number of hours or days of ex- 
posure or to the quantity of sunlight falling on 
the specimens which is required to produce a 
given fading effect. In practice, however, the 
sunlight varies considerably in effect and its 
fading power is difficult to measure accurately. 
In addition, it is not at all easy to assess quanti- 
tatively “ a given fading effect.** Accelerated 
fading instruments were at one time considered 
to have advantages over sunlight for standard- 
ising exposure tests and grading light fastness 
according to 'hoUrs of exposure ; indeed, the 
Fadeometer-hour system is still accepted in the 
United States as a reference standard by trade 
associations and other intorostod bodies, but 


experience of their use has brought out two im- 
portant defects. First, for any given instru- 
ment the fading produced in a stated number of 
hours IS a variable and not a constant, and, 
second, the fading produced in a stated number 
of hours varies with the instrument. 

For these reasons various technical associa- 
tions and societies throughout the world have 
given much attention during the last 30 years to 
the question of fixed standards of reference. In 
the case of textile materials the Society of Dyers 
and Colourists in this country is responsible for 
setting up standards which are generally ac- 
cepted for textile purposes throughout Britain 
and the British Empire. The present standards 
consist of dyeings on wool of eight blue dyestuffs 
which form a graded series of light fastness to 
which the numerals from 1 to 8 are assigned. 
The 1 standard represents the most fugitive 
grade and the 8 standard the highest grade of 
light fastness. Wool is the universal choice of 
fibio on which to prepare standard dyeings, 
since humidity and other factors have less in- 
fluence on the fading of dyed wool than on any 
other fibre 

In use, the standards are always exposed to- 
gcthei with the mateii.ils to bo tested and the 
f.istness of each unknown sample is equated 
against that one of the standards which is con- 
sidered to have faded to the same extent As- 
sessment of a number of patterns against the 
standards is facilitated by a graduated fade 
obtained by covering all exposures at suitable 
intervals of time 

Standards very similar to the British are 
accepted on the continent of Europe and in the 
United States of America. Eventually it is 
anticipated that international standards will be 
set up for textile materials at least. The 
standards mentioned have been, and still are, 
subject to alteration designed to effect improve- 
ment, and are not reg.arded by their sponsors as 
being in any sense final , indeed, the American 
Association of Textile Chemists .and Colorists 
18 at present ( 1946) considering the settmg up of a 
series of standard reference patterns obtained 
by mixing together in suitable proportions wool- 
slubbing dyed with a fugitive and a fast dye- 
stuff respectively, so that a clear departure from 
precedent is contemplatecl. 

To give an idea of the relation between the 
standards of fastness, 1-8, some German work 
may be quoted. The eight German standards, 
blue dyes on wool, show appreciable change after 
the following times of exposure (in “ bleach 
hours**): 1, 3 5, 6, 18 5, 41 5, 50, 100, 138-5 
hours ; and the British standards are the same, 
except that the figure for No. 6 is rather higher, 
69 5 instead of 50 hours (I.G. Farbenind. A.-G., 
Textilber, 1932, 13 , 539 ; H. Ris, ibid. 1937, 18 , 
93, 161) 

Outside the textile industries there are as yet 
no accepted standards for coloured materials of 
leather, paper, and the like, although in some 
cases sections of these trades may make use of 
the textile standards. For paints and 'printing 
inks the scales in use are by no means so well 
characterised and defined as the textile ones, but 
the basic principles are the same, involving as 
they do the selection of graduated series of 
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reference samples which are exposed along with 
the specimens under test. One scale employed 
is on a 1-10 basis, where 10 represents the maxi- 
mum light fastness and is obtained by the use 
of a madder lake ; the remaining grades, how- 
ever, are not associated with any particular 
dyestuffs, pigments, or lakes. 
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INFLUENCE OF CHEMICAL CONSTITU- 
TION ON FADING. 

It is not possible to enunciate a set of neat rules 
governing the relation between fastness to light 
of dyestuffs and their chemical constitution, 
largely because the stability of any dye is so 
much dependent on the substrate on which it is 
fixed. Some broad generahsations can be made, 
but exceptions and qualifications are numerous. 
Amongst the most fugitive dyes are those of the 
triarylmothane senes, acid dyes on wool bemg 
slightly better than basic dyes fixed on cotton 
with a mordant. The closely related Rhodamine 
dyes, as basics, are also fugitive, but some of the 
sulphonated dyes of this series on wool are un- 
expectedly fast. Dyes of the methine type, such 
as cyanines and Astraphloxine are poor, and 
sensitivity to light increases with extension of 
the methine chain. Amongst the azo dyes are 
found all degrees of light fastness. The simple 


azo dye Chrysoidine, a basic dye, is very fugitive ; 
an almost equally simple dye, Tartrazine, has 
quite high fastness. The latter has as one com- 
ponent l-methyl-3-phenyl-6-pyrazolone, and 
quite commonly pyrazolones give azo dyes of 
good fastness. Dyes made by coupling a diazo- 
compound with a primary amine are generally 
more fugitive than those having a phenol or 
naphthol as a coupling component (see Gillet 
and Giot, Rev. Gen. Mat. Col. 1923, 98). Fast- 
ness may be increased by protecting amino- and 
hydroxy-groups by the usual chemical methods, 
acylation and etherification. Direct dyes such 
as those from benzidine are, as a class, fugitive. 
Good light fastness is shown by the so-called 
“ ice- colours,** especially those obtained by 
coupling a diazo-compound with an arylamido 
of 2:3-hydroxynaphthoic acid (Naphtol and 
Brenthol senes). Amongst sulphur dyes the 
blacks and blues are generally fast, other shades 
less so, some very fugitive. Very fast acid dyes 
for wool are found amongst the sulphonio acids 
of substituted aminoanthraquinones, such as 
Alizarine Cyanine Green, Alizarme Irisol, and 
Alizarin Rubinol, to quote some of the older 
members of the series. The vat class contains 
some of the fastest known dyes. Indigo itself 
18 very fast and so are its substituted derivatives ; 
the thioindigo series also furnishes many very 
fast dyes. The vat dyes related to anthraqui- 
none are notable for their fastness, some, such as 
Indanthrone Blue and Caledon Jade Green being 
almost indestructible on cotton. In this brief 
review mention must also be made of the phthalo- 
cyanines, some members of which, such as copper 
phthalocyanine and its halogen derivative, pro- 
vide pigments unexcelled for their fastness. 

In any particular dyestuff type, detailed 
changes of composition affect the light fastness. 
Introduction of halogen often has a favourable 
effect, for example bromination of indigo and 
chlorination of Indanthrene Blue, but instances 
are known where chlorine decreases fastness 
The number and position of sulphonio acid 
groups affects the fastness of certain azo dyes , 
for instance, according to Meuly, in azo dyes 
from sulphonated naphthols, increasing the 
number of sulphonio groups decreases light fast- 
ness, and sulphanilic acid, as diazo component, 
gives faster dyes than metanilic acid (Helv. 
Chim. Acta, 1923, 6, 931). Numerous patents 
have been based on the fact that p-phenetidino- 
or p-anisidino-groups in triarylmethane dyes in 
the p-position to the central carbon atom, pro- 
duce dyes of increased light fastness. 

CHANGES ACCOMPANYING THE ACTION 
OF LIGHT ON DYES. 

When a dye absorbs light the energy taken 
up, m the language of modem theory, raises an 
electron to a higher energy level, a molecule of 
dye thereby becoming activated. The life of 
an activated molecule is very short, and its 
excess energy is got rid of in one of several ways, 
as explained in the article Photochemistby 
^this VoL, p. 626a). One of these ways is by col- 
lision with other molecules whereby chemical 
changes may be brought about lea^ng to de- 
composition of the dye molecule. The photo- 
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chemical decomposition of organic substances 
which absorb light has been studied by many 
workers, and the process is often complicated 
and its course obscure. Sometimes many decom- 
position products have been identified, and it is 
very difficult to determine what is the primary 
photochemical process, the products being 
obviously produced by secondary reactions. 
The difficulty of investigating the photo-decom- 
positionX)f dyestuffs is increased because the rate 
of decomposition is very slow and apart from 
exceptional cases it is difficult or impossible to 
isolate and identify decomposition products. 

The work of different investigators is very 
difficult to interpret and co-ordinate because, 
generally speaking, each experimenter has been 
interested in a particular group of dyes or a 
particular substrate and has directed his efforts 
accordingly ; and it is clear that the same dye 
will differ in its photochemical behaviour on 
different substrates, in solution or in the solid 
form. Many experimenters have shown that 
moisture and air play an important part in the 
fading of the dyestuffs they have examined. 
Quantitative experiments are recorded by 
Hedges, who carefully compared the rate of 
fading of different dyestuffs on wool, cotton, and 
silk with the moisture content of the fabric ex- 
pressed as “ regam.** With both wool and 
cotton there was a linear relationship, rate of 
fading increasing with water content, the dyes 
used on wool being some azo dyes such as Azo- 
geranine, and triarylmethane dyes such as Acid 
Green G and Soluble Blue ; and on cotton basic 
triarylmethane dyes such as Magenta and 
Brilliant Green, and Safranine. On silk, fading 
fell off very rapidly at low moisture content 
(J. Soc. Dyers and Col. 1928, 44, 62, 341). The 
importance of humidity in the fading of dyestuffs 
on wool has been studied by Cunliffe in his work 
for the Fastness Committee of the Society of 
Dyers and Colourists 1930, 46, 108). 

There is abundant evidence that oxygen plays 
a part in the fading of many dyes, but it is by 
no means certain that oxidation, in some cases 
at least, is the primary process. Direct azo dyes 
on cotton and some azo dyes on wool, which 
fade rapidly under ordinary conditions, show 
little fading in evacuated glass tubes, and the 
same is true of magenta on a tannm-antimony 
mordant (Bolis, Rev. G6n. Mat. Col. 1908, 12, 
289). Whittaker has shown that the photo- 
tendering of cotton by vat dyes is prevented if 
air is excluded during exposure (J. Soc. Dyers 
and Col. 1933, 49, 9). Several observers have 
recorded the formation of substances having 
peroxide reactions during the irradiation of dye- 
stuffs. Haller and Ziersch detected peroxide 
formation when many basic, sulphur, and ice 
colours on cotton wore exposed to light ; other 
classes of dyestuffs showed irregular resiilts and 
no relation could bo established between per- 
oxide formation and the susceptibility of the 
dyes to fading (Z. angew. Chem. 1930, 43, 209 ; 
Textilber, 1929, 10, 951). Landolt states that 
hydrogen peroxide is formed when those vat 
dyes which cause oxidation of cellulose are 
exposed to light in the reduced form (ibid, 1929, 
10, 533) and, according to Blum and Spealman, 
much hydrogen peroxide is formed when a dilute 


aqueous solution of sodium eosin is exposed to 
light and air, the dye being destroyed at the 
same time (J. Physical Chem. 1933, 37, 1123). 
Some writers believe that dye peroxides are 
formed, just as some fluorescent hydrocarbons 
such as anthracene and rubrone are known to 
form peroxides when irradiated, but experi- 
mental evidence is lacking. Hydrogen peroxide 
may be a secondary product, formed during 
autoxidation of a first-formed reduction product, 
such as the leuco- compound of the dyestuff. 
There is good evidence that some dyes can under- 
go reduction by light action under suitable con- 
ditions. Thus Methylene Blue is reduced to a 
leuco-compound when irradiated in presence of 
ferrous iron; in the dark the reverse reaction 
occurs, the ferric iron oxidising the leuco- 
compound to dyestuff (J. Weiss, Nature, 1935, 
186, 794 ; 1936, 188, 80). Gillet and Giot have 
surmised that triarylmethane dyes do not fade 
by oxidation but by reduction or some form of 
scission (Rev. G6n. Mat. Col. 1923, 98) and, in 
this connection, a Japanese investigator, 
Iwamoto, states that the oxalates of Malachite 
Green and Crystal Violet when exposed as 
powder in vita-glass evacuated tubes are reduced 
to leuco-compounds (Bull. Chora. Soc. Japan, 
1936, 10, 420). Ackerman has recorded that 
aqueous solutions of triarylmethane dyes, both 
acid and basic, fade as well in an atmosphere of 
nitrogen as in air (J. Physical Chem. 1932, 86, 
783), whilst Gillet and Giot state that an aqueous 
solution of Malachite Green will fade in the light 
of an arc lamp but regam its colour m daylight. 
There is evidently still much to clear up about 
these phenomena. The transformation of the 
cyanide of pararosaniline, 

(p.NH2-CcHj3C-CN, 

from a colourless to a deeply coloured form by 
ultra-violet light in alcoholic solution seems to 
be a clear case of ionisation by the light energy 
(Lifschitz, Ber. 1919,52 [B], 1919) , the reaction 
reverses m the dark. The cyanide of Crystal 
Violet, (^j-NMeg-CoHJgC CN, shows similar 
behaviour. 

There are only a very few observations 
recorded in the literature of the isolation of 
definite photo-decomposition products of dye- 
stuffs. Perhaps the most clear-cut case is the 
formation of isatin from indigo when the latter 
18 exposed to daylight or a fadeometer lamp on 
cotton, first observed by Eva Hibbert (J. Soc. 
Dyers and Col. 1927, 43, 293). Later, dibromo- 
isatin and methylisatin were also obtained from 
tetrabromo- and dimethyl-indigo respectively 
(Scholefield, Hibbert, and Patel, ibid. 1928, 44, 
236). Isatin is, of course, an oxidation product 
of indigo. Recently J. Van Alphen has observed 
that halogenated indigos (chlorme, bromine, or 
iodine in the 6- or 6-positions) when exposed to 
light in the vat (reduced form) lose their halogen, 
indigo itself being formed (Rec. trav. chim. 
1944, 63, 95). This observation recalls an earlier 
one % Goldstein and Gardener that the hydro- 
quinones formed by reducing 1- and 2-halogeno- 
anthraquinones are dehalogenated when exposed 
to light under alkaline conditions (J. Amer. 
Chem. Soc. 1934, 56, 2130). The observations 
suggest a test for the theory that vat dyes 
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undergo transient reduction when exposed to 
light on a fabric. 

The oxalates of Crystal Violet and Malachite 
Green arc said by Iwamoto {I c) to form respec- 
tively Michler’s ketone and 73 -dimethylamino- 
benzophenone when irradiated in powder form 
by white light. These products might be the 
result of oxidation or of hydrolytic fission. In 
aqueous solution, according to Henriquez, ultra- 
violet light causes the same dyes to undergo 
demethylation, the conclusion being based on 
the colour change (Kec. trav. chim. 1933, 52, 
991). 

An interesting case of an azo dye has been 
investigated by Krollpfeiffer, Muhlhausen, and 
Wolf (Annalen, 1934, 508, 39). The dyestuff in 
question, (I), derived from diazotised sul- 
phanilic acid and phenyl-) 9 -naphthylaminc, is 
fugitive, and when exposed to light cither on 
cotton or in aqueous solution decomposes giving 
two products which were idcntihed as the 
naphthaphcnazine (II) and the triazme deriva- 
tive (III). These aio clearly oxidation products, 



III. 


and their formation seems to be due primarily to 
oxidation at the — N H — group of the dyestuff. 
In confirmation of this, if oxygen is excluded by 
using an atmosphere of nitrogen, decomposition 
is slowed down; and benzoylation of the NH 
group makes the dye much faster. This dye is 
obviously a special case, and the observations 
throw little light on the mechanism of fading of 
azo dyes in general. Most azo dyes are too 
stable readily to afford identifiable decomposi- 
tion products Haller and Ziersch tried to 
identify decomposition products from the fading 
of simple azo dyes of the benzeneazo-jS-naphthol 
series without success. Their experiments indi- 
cated an increase in formation of carbon dioxide 
when cotton dyed with the azo dye was exposed 


to light; cotton itself gives carbon dioxide 
when exposed to light and it is not clear whether 
the increased amount of gas came from the dye 
or from accelerated oxidation of the cotton. 
The dyes did not fade in absence of oxygen and 
the authors concluded that oxidation was the 
prime cause of fadmg (Textilber. 1929, 10, 951). 

THE PROTECTION OF DYESTUFFS 
AGAINST FADING. ’ 

It has already been noted that the fastness to 
light of members of a class of dyestuff can be 
modified by making detailed modification of 
chemical constitution, eg., by the introduction 
of halogen There are, how^ever, less drastic 
changes of chemical constitution which are 
known to bring about quite lemarkable increase 
in light stability. The most striking instances 
occur among pigment and mordant dyes 
When basic dyes are converted into lakes or pig- 
ments by precipitation on a suitable substrate 
the fastness to light of the pigment vanes 
according to the substrate chosen A siliceous 
clay known as Green Eaith converts the fugitive 
basic dyes into reasonably fast pigments, 
especially Malachite Green and Brilliant Green. 
The increased fastness may be due to the for- 
mation of specific compounds. Phosphotungstic 
and phosphomolybdotungstic acid form wuth 
basic dyes insoluble pigments of lemarkably high 
light fastness, these very bright pigments are 
now important articles of commerce. Why these 
forms of what are normally (as dyestuffs on 
textiles) light-sensitive compounds should be so 
fast 18 not understood. It may be duo to their 
very low solubility in water, and to their being 
protected from extraneous chemical influence by 
a relatively largo mass of inorganic material. 
Bancroft and Ackerman have supposed that the 
higher the affinity ol a dyestuff is for the sub- 
stiate, the higher will be its light fastness, 
because of its reduced chemical potential (Proc. 
Nat Acad 8ci 1932, 18, 147 , J Physical Chem. 
1932, 36, 780) It is interesting to note that 
acid triarylmethanc dyes on wool can also bo 
increased in light fastness by treatment wnth a 
phosphotungstic acid preparation which is sold 
under the name “ Auxanin.*^ 

Many azo dyes on cotton can have their light 
fastness very considerably improved by after- 
treatment with copper sulphate. The dyes in 
question contain hydroxyl groups adjacent to 
the azo groups, and there is no doubt that com- 
plex co-ordinated copper derivatives are formed 
which are more stable to light than the original 
dye. Some such dyes are indeed marketed in 
the form of their copper complexes for appli- 
cation to cotton. Other metals, such as cobalt 
and nickel, have a similar effect. 

Some sulphur dyes, particularly those of 
yellow and brown shade which are of only 
moderate light fastness, are much improved by 
after-treatment with copper and chromium 
compounds. The constitution of these dyes is 
not known, but it seems probable that the im- 
provement in fastness is again due to the 
formation of more stable metal derivatives. It 
IS known that chromed wool dyes are generally 
faster to light than the unchrdmed dye. The 
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reported improvement in light fastness of Mala- 
chite Green on a tannm-antimony mordant by 
treatment with copper sulphate and glucose does 
not admit of a similar explanation, unless it can 
be supposed that a copper complex of tannic acid 
is formed (see Beyer, Le Papier, 1926, 307). 

If fading IS caused by oxidation it might be 
expected that the association of an antioxidant 
with a dye would prevent fading of the latter. 
Moureu and Dufraisse were of this opinion, and 
Gillet and Giot tested the hypothesis with a large 
number of compounds known to be anti- 
oxidants such as tannin, pyrocatechol, hydro- 
quinone and its sulphonic acid, guaiacol, gallic 
acid, thiourea, using a variety of dyes. The 
results obtained were irregular , hydroquinone, 
e.rjr., showed some protection of azo dyes on wool 
and cotton, but had no effect on acid or basic 
tnarylmethane or rhodamme dyes. Thiourea 
protected Phloxme but not the closely related 
Rhodamme. It was remarked that, even when 
there was a protective effect, an excessive 
amount of antioxidant had to be used, suggest- 
ing that the whole fibre had to bo protected 
against oxidation (Oompt. rend. 1923, 176, 1402, 
1658, 1894, see also Rev, Gen. Mat. Col. 1923, 
98). 

It IS impossible here to give an account of the 
many researches which have been earned out 
with the object of discovering treatments to pre- 
vent fading, in the course of which a great 
variety of substances have been examined 
Reference should, however, bo made to the work 
of Haller and Ziersch who investigated a large 
variety of dyestufts on cotton. Whilst many 
substances were without effect, some accelerated 
fading, among which may be mentioned oxidising 
agents, such as nitrites, sodium perborate, and 
potassium dichromate, and some organic com- 
pounds such as oil of turpentine, glycerol, starch, 
gum tragacanth, and turkey red oil ; very few 
substances showed protective action, the most 
notable being sodium metaphosphate with 
glucose, and thiourea. Thiourea has been found 
effective by a number of workers, but un- 
fortunately it IS too readily removed from a 
fabric to bo of practical importance (Haller and 
Ziersch, Z. angew. Chem. 1930, 43, 209 , see also 
Mourner, “ Tiba,” 1931, 237). Thiourea and 
organic derivatives thereof have been patented 
by Biitish Celanese for the protection of amino- 
anthraquinone dyes on acetylcellulose rayon 
against the combined action of light and an acid 
atmosphere (B.P. 340572; 373628; 406663), 
and the Society of Chemical Industry, Basle, 
have claimed dimethylolurea for improving the 
fastness to light of direct dyes on cotton (B.R 
429209). British Celanese have patented the 
use of many other compounds as protective 
agents for acetate rayon dyes, most of them 
being of the amine or amide type, but their 
value, relative or absolute, cannot be assessed 
from the patent claims (B.P. 243841 ; 340541 ; 
356726; 361362; 361381; 378473; 406686). 

PHOTOSENSITISATION BY DYES. 

Some dyestuffs have the property of bringing 
about or acceleratmg chemical changes in 
systems with which they are associated, without 


themselves apparently undergoing any change, 
when the system is exposed to light. This 
catalytic effect is called photosensitisation. The 
property is of considerable technical signihcance, 
useful in some cases, harmful in others. 

The photosensitising effect finds its most useful 
application in photographic processes. Some 
classes of dyestuffs, especially those of the 
cyanine series, when present in very small pro- 
portion in a silver halide emulsion, mduce sensi- 
tivity of the latter to light of wave-length far 
beyond its normal range, which is confined to 
the violet end of the spectrum. The induced 
sensitivity is towards longer wave-lengths and 
can be taken into tho infra-red as far as 12,000 a. 
with suitable dyestuffs having absorption bands 
in that region. The developments in photo- 
graphy made possible by these dyestuffs have 
been of the greatest importance (see Cyanine 
Dyes, Vol. Ill, 614c). There are also dyes 
which have the opposite effect, one of desensiti- 
sation, on silver halide emulsions, sensitive 
plates bathed in a solution of such a dye can bo 
developed in light. Basic safranine dyes were 
first used in this way, but many others are now 
known (For an account of the theory of the 
photosensitisation of silver halide emulsions by 
dyestufts, see E. J. Bowen, “ Chemical Aspects 
of JAght,’* Clarendon Tress, 1942, p. 148.) 

The photosensitising action of some vat dyes 
shows itsolt in an unfortunate way on collulosic 
materials. When cotton or viscose material is 
dyed or printed with these dyes and exposed to 
light, as it frequently is m the form of window 
curtains, for tho dyes themselves are very fast to 
light, the material gradually deteriorates in 
strength and after a time becomes useless. This 
“ tendormg ** eftect is associated with many, but 
by no means all, yellow, orange or red vat dyes , 
homogeneous blue and green dyes do not show 
it. If, however, a green dyeing is obtamod by 
mixing a blue with a sensitismg yellow dye, ex- 
posure to light will not only cause tendering of 
the fabric but in addition destruction of the blue 
dye, although the latter is itself very fast to 
light. The deterioration of the cellulose material 
IS undoubtedly duo to oxidation to oxycellulose. 
The loss in tensile strength is aecompanied by a 
rise in fluidity number in cuprammomum solu- 
tion, and it has been shown by C. M. Whittaker 
that tendering does not take place in absence of 
oxygen (J. Soc. Dyers and Col. 1933, 49, 9). 

The vat dyes which cause tendering by light 
have this in common, that they are quinones, 
reducible to hydroquinones readily oxidisable 
back to the original dyes tuft by air or other 
oxidising agent. It is, therefore, of much 
significance that, as Scholefield and Patel have 
shown (%h%d, 1928, 44, 268), tho same dyes which 
cause tendering of cellulose, as shown above, 
cause very much more rapid tendering when the 
cotton IS exposed to the light and air with tho 
dye in the vatted state, that is, in the hydro- 
qumone form in an alkaline condition. Under 
these latter conditions, too, an accompanying 
blue dye (e.gr., tetrabromomdigo) is rapidly 
destroyed and, to complete the parallel, a yellow 
vat dye such as Caledon Yellow G which does 
not cause tendering m the oxidised condition, 
does not do so m the vatted form. The same 
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vat dyes also sensitise the oxidation of cellulose 
by hydrogen peroxide and by sodium hypo- 
chlorite in the light under conditions which cause 
no attack in the dark {idem, ibid, 1929, 45, 175). 
Derrett-Smith and Nodder have shown that 
when cotton is bleached with hypochlorite, the 
presence of these sensitising dyes causes bad 
tendering if the bleaching is carried out in 
diffused daylight. The effect is most marked if 
the bleach liquor is nearly neutral ; it is bad on 
the acid side of neutrality, but very slight at 
liH 11-5 (J. Text. Inst. 1932, 28, t293). 

Landolt showed that the rate of the destruc- 
tive action of the dye on the cellulose is markedly 
increased if the specimen is made alkaline with 
caustic soda before exposure to light. The rate 
of destruction of a blue dye is also increased by 
alkali, and he describes an accelerated test for 
the tendering properties of a vat dye, in which 
the dyeing on cotton is “ topped with a direct 
blue dye and exposed, alkaline with caustic 
soda, to light. The fading of the blue dye 
denotes tendering action as well (Textilber. 
1933, 14, 32). 

Although most attention has been concen- 
trated on the sensitising action of vat dyes on 
the oxidation of cellulose, probably because the 
dyes themselves are fast to light, other dyes have 
the same effect, as was shown by Haller and 
Ziersch. Basic dyes on a katanol mordant, sul- 
phur dyes and some ice colours all showed tender- 
ing, the basic dyes being especially destructive. 
Again the yellow dyes, Auramine G and Thio- 
flavine T, were the worst, causing almost com- 
plete loss of strength after prolonged exposure. 
On the other hand, most direct colours showed 
some protective action against the normal 
tendering of undyed cotton by light (Z. angew. 
Chem. 1930, 48, 209). 

E. H. R. and E. B. A. 
PHOTOSYNTHESIS IN PLANTS. 
On the ability of green plants to store up the 
energy of sunlight depends the whole of life upon 
the earth. The natural tendency of carbon to 
oxidise IS reversed ; out of carbon dioxide and 
water, starch, cellulose, and other organic 
materials are pkotosynthesised with the liberation 
of free oxygen. The oxygen content of the 
atmosphere seems to be due to the activities of 
plants of former ages the carbonaceous remains 
of which are now laid up as coal, etc. The green 
plant serves as food for animals, fungi, bacteria, 
etc., all of which, therefore, are dependent finally 
on the sun’s radiation. Those life -processes are 
accompanied by the reverse change, respiration, 
or the taking in of oxygen and the reliberation 
of carbon dioxide. The solar energy thereby 
runs down to heat which no longer has the power 
to build up endothermic compounds. This 
second half of the cycle fails to be complete only 
when organic remains are preserved as deposits 
by geological agents. A carbon-dioxide balance 
exists between its production by the respiration 
of living organisms, by volcanoes and springs, 
and by the bummg of coal, oil, and wood, and its 
consumption by photosynthesis by green plants 
and by the weathering of rocks. The carbon- 
dioxide content of pure country air is only about 
0*03 vol. %; it is indeed remarkable how so 
small a percentage should suffice to allow the 


free growth of plants to occur. However, the 
total quantity of carbon dioxide in the atmo- 
sphere is about 2 million million tons, and the 
sea contains at leasty twenty times as much. 

Early workers on the relations between plants * 
and air were handicapped by the undeveloped 
state of ideas of energy and of oxidation. The 
discoverers of oxygen were quick to investigate 
its connection with the growth of plants. 
Scheelo found that green plants, like animals, 
produce carbon dioxide from oxygen, while 
Priestley’s experiments showed the reverse 
change. It remained for Ingen-Housz to recon- 
cile and explain these observations. By means 
of well-conceived experiments he demonstrated 
that plants take up carbon dioxide and liberate 
oxygen m sunlight, that the reverse change 
occurs in the dark, and that the green parts alone 
respond to the action of the light. Later, after 
the clanfication- of ideas of combustion by 
Lavoisier, Ingen-Housz was able to formulate 
the present-day concept of the closed-cycle 
relationship of carbon dioxide, light, plants, and 
animals About 1800, de Saussure subjected 
these ideas to more quantitative chemical treat- 
ment; in particular he determined the volume 
ratios of carbon dioxide to oxygen both for 
photosynthesis and for respiration. Forty years 
later Liebig attempted to outline the actual 
course of the process of photosynthesis in terms 
of the equations of organic chemistry, assuming 
organic acids as intermediates, and this was 
afterwards modified by Baeycr with the as- 
sumption that formaldehyde is the first product 
from carbon dioxide, water, and light in the 
plant, followed by its polymerisation to sugars 
and cellulose. The end of the nineteenth century 
saw the first applications of physical chemistry 
when Blackman showed that the late of photo- 
synthesis was determined, according to the con- 
ditions, by the slowest of three variables, rate of 
light absorption (i.e., bght intensity), carbon- 
dioxide uptake, or a temperature-dependent 
“ dark ” reaction the existence of which becomes 
evident at high values of the first two variables. 
At the modern penod the treatment of the sub- 
ject mvolves careful measurements on the 
kmetics and energetics of the process, employing 
such arrangements as monochromatic light, 
flashing lights of short duration, isotopic ele- 
ments as “ tracers,” etc., and is aided by more 
precise knowledge of the coloured substances in 
the plant which absorb the light. 

The isolation and determination of chemical 
structure of the green leaf pigments was accom- 
phshed by WiUstatter and his school. There are 
two green pigments, chlorophylls a and 6 {v, 
Vol. Ill, 80a); yellow pigments, carotene, a 
long-cham hydrocarbon with alternate C=C 
C — C bonds, and its oxidation product xantho- 
phyll, which exist in more than one form of 
similar structure; the brown carotenoid fuco- 
xanthin occurring in sea-weeds, and other pig- 
ments found in smaller quantities (v. Vol. II, 
393d ; 398a ; V, 330d). The chlorophylls 
appear to be common to all plants and to be the 
only pigments capable of absorbing light energy 
in a form available for photosynthesis; the 
other pigments seem to act merely as “ inner 
filters.” Since the caroteno-xanthophyll ratio in 
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the leaf alters during exposure to light these pig- 
ments may undergo photochemical changes or 
may play some essential part in the later non- 
photochemical stages of photosynthesis. Their 
effect on the photochemical part of photo- 
synthesis, if any, is small, since their absorption 
IS confined to the shorter waves of the spectrum. 
The leaf pigments are best extracted from air- 
dned nettle leaves (since these contain a 
mmimum of enzymes which decompose chloro- 
phyll) with acetone containing 20% water by 
volume. The acetone extract is shaken with 
light petroleum, into which the pigments pass, 
and this is washed and dried. The individual 
pigments may now bo separated by chromato- 
graphic technique on columns of sucrose, cal- 
cium carbonate, aluminium oxide, etc., or by 
elaborate empirical treatment with talc, sol- 
vents, etc , as worked out by Willstktter. 

Chlorophyll-a has the structure : 
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while chlorophyll-6 has the group — CHO in 
place of the — CH3 group at (3). The a form 
dissolved in ether has a strong narrow absorp- 
tion band m the red at about 6,600 a., another 
broader one m the blue at about 4,300 A., and 
other fainter bands in between. The 6 form in 
the same solvent shows a weaker red band at 
about 6,400 a. and a blue band at about 4,600 A. 
These bands vary somewhat in position accord- 
ing to the solvent for solutions in organic liquids, 
and according as the chlorophyll is in colloidal 
solution in water or naturally existing in the leaf. 
In the plant they lie about 200 a. nearer the red 
than in ether solution. The true solutions, and 
to a lesser extent the leaf, show a red fluores- 
cence (about 6,400-7,600 a.) when illuminated 
by visible or near ult^a-violet light, the emission 
efficiency bomg about 10% for solutions and 
0 01% for the leaf. The leaf fluorescence varies 
with time, increasing for the first few seconds 
after illumination and falling to a constant 
value after one minute. Chlorophyll is pro- 
duced by growing plants from some colourless 
unknown precursor “ protochlorbphyll ** under 
the influence of light. The mechanism of this 
VoL. IX.— 38 


photo-reaction is unknown. Chlorophyll also 
appears to be decomposed by light in the plant, so 
that its concentration is determined by an equili- 
brium between its formation and disappearance. 

The state of the chlorophyll in the leaf is a 
matter very difficult to elucidate. On the 
evidence of the absorption spectrum, difficulty 
of extraction by organic solvents, etc., it cannot 
be in the free molecular form. Certain results on 
the kinetics of photosynthesis indicate that when 
a light quantum is absorbed by one molecule it 
can assist with others in bringing about the 
fixation of one carbon-dioxide molecule. This 
has led to the concept of the “ photosynthetic 
unit ” hypothetically consisting of about 2,000 
chlorophyll molecules somehow connected so 
that energy can pass to and fro within the unit to 
be available at any point to “fix” one carbon- 
dioxide molecule. The two most likely ways of 
arrangement of the chlorophyll are either an 
oriented colloidal form with the flat parts of the 
molecules piled up like coins, and held together 
by strong Van der Waals forces from intercalated 
water molecules (analogous to the colloidal form 
of the dye ^-wocyanine, v. Vol. Ill, 616a, 616c) 
while the tails (phytyl group) are embedded in 
the lipoid coll material, or an oriented adsorption 
of the chlorophyll on the surfaces of the chloro- 
plasts in the leaf, the chlorophyll molecules being 
either free to move in two dimensions over the 
surface or to permit of certain intermediate pro- 
ducts moving over the surface of the adsorbed 
chlorophyll. 

Through the microscope the chlorophyll is 
seen to be concentrated within minute bodies 
called chloroplasts which exist in the cytoplasm 
of the loaf cells. Different species of plants have 
different numbers and sizes of chloroplasts per 
cell, the lower forms having the smaller numbers 
and the larger sizes. The chloroplasts also have 
a colourless portion containing proteins and 
lipoids. They possess the curious property of 
orienting themselves within the cells according 
to the light intensity, disc-like forms turning 
edgeways on to light of high intensity. In the 
case of aquatics the (dissolved) carbon dioxide 
reaches the chloroplasts by diffusion through the 
cell walls. The mechanism is different in leaves 
of the higher land-plants. These leaves have a 
very open-work or sponge-like interior arrange- 
ment of cells, exposing a very large surface, but 
the whole is covered in by contmuous outer 
layers of cells perforated only by extremely 
small holes called stomata, 0 0006-0 01 mm. in 
diameter and 60-700 in number per sq. mm., 
sometimes on both sides of the leaf and some- 
times only on one surface. Through the stomata 
passes the large quantity of water vapour given 
off continuously by leaves (transpiration), and 
they are also the only channels for the carbon 
dioxide and the oxygen involved in respiration 
and photosynthesis. The apertures of the 
stomata are not of constant size; they close 
when the plant needs to conserve water and in 
response to other stimuli, but it has been shown 
that although their area when fully open is only 
about 2% of the total leaf area carbon dioxide 
can pass through them by diffusion almost as 
quickly as if their area equalled that of the whole 
leaf. 
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When photosynthesis is proceeding normally 
in a plant the ratio (vol. of COg absorbed)/ 
(vol. of O 2 evolved), (photosynthetic quotient), 
IS almost exactly unity. Similarly the respiratory 
quotient (vol Og absorbed)/(vol. COg evolved) is 
also unity. The chemical equation of photo- 
synthesis must therefore be in its simplest form : 

COg-l- HgO (4- hght4- chlorophyll) -> 

^(CH20)n+02. 


Whatever be the product ^ (CH20)n, this ro- 

71 

action requires the absorption of about 112 kg.- 
cal. of energy. It is brought about by the 
absorption of visible light even at wave-lengths 
of 7,000 A. In this spectral region (red) 1 “ gram 
molecular quantum ” or “ einstem is equal to 
38 kg.-cal. Consequently, for the fixation of 
1 mol. of carbon dioxide at least three quanta 
must be absorbed. This feature of the photo- 
synthetic process is without a parallel in 
ordinary photochemical reactions. If all three 
(or more) quanta had to be absorbed by one 
isolated chlorophyll molecule the reaction rate 
should be proportional to the cube (or higher 
power) of the light intensity. As this is not so 
for photosynthesis tliere must be some special 
mechanism whereby three quanta absorbed by 
several different chlorophyll molecules can be 
brought together to effect the reduction of each 
carbon- dioxide molecule. Experiments have 
been made on the quantum efficiency of photo- 
synthesis in monochromatic light and under 
optimum rate conditions. The best values seem 
to be about 0 06, and since the efficiency at 
7,000 A. cannot lise above = 0 34, they 
represent about 20% utilisation of the light 
absorbed. This high value for the ultimate 
photochemical efficiency of photosynthesis of 
course is widely different from the over-all 
efficiency. Leaves are very selective in their 
photo-active absorption and only a small fraction 
of solar energy falling on a leaf brings about 
chemical change. When all the sun’s radiation, 
infra-red as well as visible, received by a plant, 
such as wheat, is taken into account the following 
approximate energy distribution is found : 


Energy actually absorbed— 

/19% Re-radiated as heat. 


y: 


70% ^50% Evaporation of water from leaves. 




/O 2% Respiration 
% Photosj^n thesis— 0 24% Crop. 

50% Leaves, stems, 
roots etc 


The maximum omission from the sun lies in the 
green region (corresponding to black- body radia- 
tion of about 6,700°o.), to which chlorophyll is 
largely transparent (hence its green colour). 
This is in marked contrast to the human eye, 
where the photo-active substance in the retina 
has been evolved with an absorption curve 
closely resembling the energy distribution of sun- 
light. Theoretically, if plants had developed a 
purple instead of a green- coloured substance to 
bring about their photosynthesis they would be 
capable of a much higher energy utilisation. 
Such a change, however, might not work under 


conditions of strong sunlight as the increased 
light absorption might lead to local overheating 
of the chloroplasts followed by their destruction. 

Photosynthesis of carbon compounds is 
brought about by any light in the visible region 
absorbed by the chlorophyll ; as already pointed 
out, this means chiefly red and blue light, and 
these seem almost equally effective measured in 
terms of quantum efficiency. A plant, however, 
IS not simply an organism dependent only on 
chlorophyll, light, carbon dioxide, and water. 
It has very complex other requirements, potas- 
sium, calcium, phosphates, and many other 10 ns. 
For the production of its chlorophyll not only 
IS magnesium needed for the actual molecule, 
but iron salts must bo available, in the absence 
of which plants develop chlorosis or lack of 
chlorophyll For experimental purposes the 
chlorox)hyll content of plants may be controlled 
and altered in this manner. Nitrates taken up 
by the roots and passed up to the leaves are 
essential for plant growth. By a photochemical 
process connected in some unknown way with 
“ carbon ” photosynthesis the nitrates in 
illuminated leaves are converted into amino - 
acids out of wdiich the plant elaborates its 
reserves of protein and finally the protoplasm 
which is its very core of vitality. Though plants 
possess that resilience towards external changes 
characteristic of all living organisms, their life 
IS a delicate balance of intricate cross- connected 
reactions, and any serious disturbance of the 
adjustment must result in breakdown. It is 
found, e.gr., that although red light is adequate 
for “ carbon ” photosynthesis, without blue 
light the plant cannot assimilate the food so pro- 
duced, and pines away almost as if kept in dark- 
ness. Blue light IS also necessary to control the 
important process of transpiration or evapora- 
tion of water through the leaves. Ultra-violet 
light beyond 3,000 A. is definitely injurious to 
any plant. 

The “ kinetics ” of photosynthesis, or the 
variation of the rate with changes of the 
variables, light intensity, carbon- dioxide con- 
centiation, chlorophyll concentration, and tem- 
perature, are complex. Experimentally they are 
not easy to determine satisfactorily. Figs. 1 and 
2 show the general nature of the results obtained. 
At high light-intensities the rate is piopoitional 
t6 the CO 2 - concentration when this is low, and 
becomes independent of COg when this is large. 
A similar behaviour is observed when the above 
variables are interchanged. The effect of tem- 
perature is small either at small COg- concentra- 
tions or at low light-mtensities (lower part of 
Fig. 1), but when both light and COg are high 
the temperature coefficient becomes largo. 
(Above about 30°c , however, further tempera- 
ture increase is harmful to the plant and destroys 
its vital processes.) The above kinetics are ex- 
plicable in terms of three reaction stages : 

1. The absorption of COg by the plant. 

2. A photochemical reaction leading to CO 2 

“ fixation.” 

3. A thermal reaction continuing the “ fixa- 

tion” process of (2) the completion 

of which frees the chlorophyll to engage 

in (2) again. (” Blackman reaction.”) 
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At low C02-concentration the over-all rate is 
controlled by reaction (1), and at low light- 
intensity by reaction (2) ; both these reactions 
depending very little upon the temperature. At 
high COg-concentration and high light-intensity 
the rate is controlled by reaction (3), which has 
the high temperature -coefficient characteristic 
of thermal changes. The absolute values of 



Light Intensity at High CO 2 “Concentration, 
or, C02-Concentration at High Light “intensity 


Fia. 1. 

COg- concentrations and of light- intensities in 
the abscissa of the diagrammatic Fig. 1 vary in 
different plants. Algao reach the point of in- 
dependence on CO 2 - concentration at values not 
far from that normally existing in the air, but 
land plants can utilise much higher concentra- 
tions because of the higher resistance their 
leaves offer to COg-absorption. Large COg- 



5 10 15 20 25 30 35 40”(? 

Tempeinture 

At High Ligh'l-intensities and CO^'Concentrations 


Fig. 2. 

concentrations, however, reduce photosynthesis 
by exerting a toxic effect on the plant. 

The above remarks cover the mam facts of the 
kinetics. Many attempts have been made to 
obtain more refined data, and also to explain the 
observations by theoretical kinetic expressions 
derived from hypothetical mechanisms. So far 
this mode of treatment has proved disappointing. 
Only one thing is certain, that the photosynthetic 
process is composite, with stages depending on 


diffusion, photochemical reactions, and thermal 
reactions, some reversible, and some brought 
about by enzymes. Even the simplest hypo- 
thetical reaction-scheme consistent with this 
leads to a kinetic expression of such complexity 
as to bo difficult to test adequately by experi- 
ment, and in addition it is found that more than 
one hypothetical scheme leads to the same 
kinetics. Further uncertain factors are the 
possible influence of light on respiration rate 
(since measured rates of photosynthesis must be 
corrected for respiration) and the existence of 
“ induction periods,” as shown by a reduced rate 
of oxygen evolution, at the beginning of an 
illumination period. The latter effect is pro- 
bably due to oxygen consumption by a photo- 
oxidation of respiratory products which have 
accumulated m the dark. In addition, by 
changes in the stomata openings, by orientation 
of the chloroplasts, and by changes in the total 
chlorophyll content, a plant reacts in a compli- 
cated way to light so tliat it cannot bo regarded 
as an inanimate mechanism with a constant 



01 02 03 04 -05 06 07 08 09 10 *11 

Length of Dark Interuaf, Seconds 
(Duration of Flash =: 70'^ Seconds) 


Fig. 3. 

photosensitivity. Great care is necessary when 
experiments on the effect of any one variable 
are made to ensure that only the minimum 
change occurs in the other features of the life of 
the plant. 

Valuable results on the photosynthetic process 
have been obtained by using light flashes from 
electric sparks of very short duration. At high 
light-intonsities, but not at low, more photo- 
synthesis occurs when the dark intervals between 
the flashes are long than when they are short. 
Further, the yield per flash increases at higher 
COg-concentrations {see Fig. 3). This shows that 
the COg take-up is independent of the thermal 
stage called the “ Blackman reaction,” and 
affords a moans of exploring the latter at 
different temperatures. It is found in this way 
that the “ Blackman reaction ” is essentially 
complete after 0*26 seconds at l°o. and after 
0 04 seconds at 24°o. The change of photo- 
synthetic rate with intensity of very short 
flashes having long intermediate periods can also 
be shown to support the concept of the “ photo- 
synthetic unit ” mentioned above. Another 
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variable is the duration of the flash itself. With 
flashes of very short duration (10“® sec.), at 
least four quanta absorbed by 2,000 mol. of 
chlorophyll are needed to reduce 1 mol. of CO 2 , 
but with flashes lasting much longer, 300 or 
more CO 2 molecules may be reduced. This is 
direct evidence that the “ Blackman reaction ” 
IS itself composite and affords a means of further 
exploring it. The interpretation of the experi- 
mental kinetics in terms of hypothetical reaction- 
schemes is discussed below. 

From what has been described above it appears 
certain that several intermediate stages occur in 
photosynthesis, and before clear ideas can be 
developed as to their nature the identity of the 
first stable chemical product needs to be known. 
This is as yet an unsolved problem. Liebig 
originally suggested that the organic acids 
found in plants represented the first stable 
resultant. However, those have now been shown 
to accumulate only in the dark and to arise from 
incomplete respiratory oxidation of sugars, and 
further, the “ photosynthetic quotient ” of unity 
shows that the substance sought for must have 
the formula (CHgO)^. Formaldehyde, in view 
of its easy chemical conversion to carbohydrates, 
was suggested by Baeyer, and glycollic aldehyde, 
CHgfOH) CHO, has also been considered for 
similar reasons. The first directly observable 
photo-product in most plants is starch, a carbo- 
hydrate of very great complexity. The sugars 
found in most leaves result from subsequent 
enzymatic breakdown of the starch in the dark, 
although sugars are the first recognisable sub- 
stances in Monocotyledons. It is chemically 
impossible to assume either the formation of free 
formaldehyde, which acts as a poison to leaves, 
or the direct synthesis of starch, and it seems 
more likely that adsorbed carbon -dioxide mole- 
cules are reduced in neighbouring sites on a 
surface layer so that they become linked to- 
gether to split off ultimately from the surface as 
a glucose or similar sugar molecule. 

Bates of photosynthesis are almost alvays 
measured experimentally by the determination 
either of the carbon dioxide taken up or of the 
oxygen evolved. The respiratory rate in the 
dark must also be measured, and m the absence 
of exact knowledge of the effect of light on this 
the measured photosynthetic rates are corrected 
on the assumption that respiration remains 
constant. Single leaves are confined in a suit- 
able vessel, and the COg content of the gas sur- 
rounding it IS kept constant by streaming the 
gas through. In the older techniques the COg 
or Og content of the gas passing out was 
measured by ordinary gas-analysifi. A newer 
method is to estimate the COg- concentration by 
the amount of infra-red absorption m the region 
of the COg bands. This has the advantages of 
high sensitivity, convenience, and of rapid 
response, and permits of examination of changes 
of rate over much smaller time-intervals than 
was possible before. The gas is simply streamed 
through a cell of appropriate length down which 
passes a beam of suitably mono-chromatised 
infra-red light, the beam being detected by a 
thermopile. The use of an infra-red spectro- 
meter with its dispersing prism, mirrors, etc., 
may be avoided by employing a gas-burner as 


the source of light, since the bulk of the infra-red 
emission is at the correct wave-length owing to 
the strong radiation from COg present in the 
flame. The effect of flame fluctuations is 
eliminated by using two cells and thermopiles, 
one as standard and one to contain the gas to be 
measured, the thermopiles being connected back 
to back to a galvanometer. The use of single 
leaves does not permit of accurate estimations of 
the amount of bght absorbed, owing to the largo 
amount of light scattering. Two other techniques 
more adapted for this purpose employ aquatic 
unicellular plants. One method is to use a sus- 
pension of a species of Chlorella, and another to 
use a thin moist film of Hormidium on a glass 
surface. One way of following the photo- 
synthesis is to surround the algse with a car- 
bonate-bicarbonate buffer solution to maintain 
a constant COg-concentration and to estimate 
the oxygen evolved (with constant shaking) by 
a U-tube manometric method (Van Slyke’s 
apparatus). There is evidence, however, that 
some species are harmed by immersion in the 
buffer solution, and this may be replaced by an 
aqueous solution of COg in equilibrium with a 
gas stream by using a dropping-mercury elec- 
trode to determine the oxygen evolved. This 
has the additional advantage of bemg very rapid 
in response. 

Important recent work, not yet complete, has 
been carried out using isotopic elements as 
“ tracers.” Badio-active carbon, ^^C, radio- 
active hydrogen, ®H, and heavy oxygen, 
have all been tried. The alga Chlorella was used 
as the plant. Using carbon dioxide containing 
radioactive carbon, and determining the distri- 
bution of radioactivity between plant and gas, 
several important matters came to light. Large 
amounts of COg were found to be taken up in the 
dark, appearing m the plant largely as — CO OH 
groups. In light much more COg was taken up, 
and an aqueous extract of the plant yielded a 
water-soluble substance of molecular weight 
about 1,000 containing at least one alc'oholic 
— OH and one — COOH group. This is the 
first chemically detectable stable product of 
photosynthesis, though it may be split off from 
the plant cell by the process of extraction. No 
trace of formaldehyde or other aldehydes, or of 
any sugar, could be detected. With radioactive 
hydrogen in the water used in the system the 
experiments were designed to see whether any 
hydrogen exchange occurred with the chlorophyll 
molecule, and so to elucidate possible reduction- 
oxidation changes this may undergo. The results 
so far have not been conclusive. Finally, by the 
use of heavy oxygen it has been shown that the 
oxygen evolved during photosynthesis comes 
from the water in the system and not directly 
from the COg molecules taken up. This result 
again emphasises that the photosynthetic pro- 
cess is not a simple chemical reduction but one 
of some complexity involving a number of 
stages, and also involving a “ reservoir ” of half- 
changed material awaiting further transforma- 
tion when light is available. 

Though many attempts have been made to 
represent the photosynthetic process by a series 
of chemical equations, it cannot be said that any 
degree of certainty exists in such models because 
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of serious gaps in tlie evidence. It seems to be 
generally agreed that the carbon dioxide is taken 
up by a thermal process which is not the “ Black- 
man reaction.** Two possibilities are (a) take- 
up by the chlorophyll, carbonic acid attaching 
itself to the Mg atom : 

—N HO — N— H 

lyig + c=o Mg— o— c=o 

' ' Ah 

or (b) reaction with a substance R H present in 
the ceU, R H+COg R COOH . The first 
reaction is supported by observations on the 
absorption of COg by aqueous chlorophyll solu- 
tions ; the addition compound formed, however, 
here rapidly breaks up with elimination of mag- 
nesium from the chlorophyll molecule. The 
second possibility, which is more generally 
favoured, might be analogous to the easy COg- 
absorption of polyhydric phenols, t.c., R H might 
be a tannin derivative. Whether the carbon 
dioxide is attached originally to a chlorophyll 
molecule or to a cell-wall constituent, these latter 
2 mol. must be closely linked themselves so that 
the complex may be written as . 

Chlorophyll^] 

COo >== complex 1= At 

R H . J 

It is generally agreed that the complex A^ needs 
four light quanta for the photochemical part of 
the change, and that there are also one or two 
thermal stages (“ Blackman reaction ”). This 
can be represented as . 

Aj-j-lii^ A2 

A2~}“fll' "->■ A3 
A^-j-hv A4 

A^-hhv -> A5 

A,+ H^O -> {r^ch^oS } + (Blackman) 

The R-CHgOH IS then assumed to be capable of 
adding another COg with repetition of the stages, 
so a senes of — CHgOH groups are built up 
together on the cell surface, ultimately to spht 
off as a newly formed sugar molecule. 

Speculations have been directed to the nature 
of the photo-processes and the chemical changes, 
if any, undergone by the chlorophyll molecule. 
It has been variously suggested that the chloro- 
phyll either enzymatically or under the in- 
fluence of the light and COg changes from its 
normal form represented as GHg to GO, G, 
or to G H . The reactive centre of the chlorophyll 
molecule is thought to be position (10) (see 
formula ,p 693). If the four- quantum concept is 
correct, the change G H « -> G H would be 
probably the only acceptable possibility among 
these. The chlorophyll molecule alternatively 
may be regarded as an electron reservoir, elec- 
trons being loosened by the action of light and 
taking part in the stages of reduction of the COg. 
It has already been explained how it is necessary 
to assume that light quanta absorbed on different 
chlorophyll molecules must come together to 
act on one COg molecule; the experimental 


evidence indicating that about 2,000 chlorophyD 
molecules are “ energetically ** coupled. This 
aggregation of chlorophyll molecules, or “ photo - 
synthetic unit,** may be “ optical ** in nature, 
t e., act as one “ conjugated ^* molecule so that 
energy absorbed at one part may freely pass to 
another, or may be “ chemical,** involving the 
free mobility of reactive molecules over the sur- 
face of the cell. By means of a formal set of 
equations it is possible to represent the latter 
possibility with only one type of photochemical 
change : 

4(Ai+hv Ag) 

2(2A2 A^-f-Ag) 

2A3 2Aj^-|-A5. 

Much remains to be done, however, before the 
inner details of the cell-surface reactions yield 
up their secrets. 
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PHTHALIC ACID. The three dicar- 
boxylic acids of benzene are known as the 
phthalic acids. Of these the only one which has 
become of technical importance is o-phthahe 
acid, which is the compound always understood 
when the name “ phthahe acid ** is used without 
further qualification, the m-acid being dis- 
tinguished as i5ophthalic acid and the jj-acid as 
terephthalic acid. 


o-PHTHALIC ACID, 



COOH 

COOH 


o-Phthalic acid was first obtained by Laurent 
in 1836 by the oxidation of naphthalene and 
of tetrachJoronaphthaleno by nitric acid. He 
beheved it contamed all the ten carbon atoms 
onginally present in the naphthalene, but 
Marignac a few years later assigned to it its 
present formula. 

Many oxidising agents have since been used 
for its preparation from naphthalene, sub- 
stituted naphthalenes, o-xylene, phenanthrene, 
etc., but the most satisfactory method up to 1918 
used sulphuric acid as oxidising agent in the 
presence of mercuric sulphate as a catalyst and 
was described in 1896 in B.P. 18221 and by 
Schmidt (Ber. 1904, 37, 66). 

Phthalic acid on heating forms the very stable 
phthalic anhydride f ♦ 
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which is technically the form in which phthalic 
acid finds most of its applications. The sul- 
phuric acid oxidation of naphthalene yields the 
anhydride as product, and to-day the vapour 
phase air-oxidation of naphthalene . over a 
catalyst also yields the anhydride and not the 
acid. Only the anhydride enters into consider- 
able commercial transactions and as the two 
compounds are so closely related they are being 
considered together in the following descriptions. 

Physical properties are shown for both phthalic 
acid and phthalic anhydride in Table I. The 
solubilities of the acid are known in many sol- 
vents and are shown in Table II, but there are 
few records concerning the solubility of phthalic 
anhydride, those published being shown in 
Table III. 


Table I. 


Property. 

Phthalic acid 

Plithalic 

anhydiide. 

Appearance 

White rhom- 

boidal plates 

White bold 
needles from 
benzene Ap- 



pears commei- 
ciallv usually 
as flakes 

B.p. . . . 

Dehydrates to 
anhydride 

285°/760 mm 

204 5°/ 100 mm 
159°/20 mm 

Cp 

Variable because 
of anhydride 
formation. 

131 1° 

Mp. . . 

p ... . 

200-230°, vari- 
able because ol 
anhydiidc foi- 
niation 

1-503 fr 

130 8°. 

1 527 f. 



1 205 

1 Heat of com- 
bustion {Cp) 

770 21 kg -cal pel 
mol 

778 74 kg -cal per 
mol 

1 Heat of com- 
bustion {('v) 

770 51 kg -cdl per 
mol 

779 04 kg -cal per 
mol 

1 Heat of for- 
mation 

-I-1S6 9S kg -cal 
pel mol 

110 1 kg -cal per 
mol 

2 Latent heat of 
fusion. 

— 

00 13 TU. per lb 

2 Latent heat of 
vaporisation 

— 

157 BTU. 

Specific heat at 
20° 

0 232 g -cal per 
g 

— 

Heat of solution 

-4,871 g-cal 
per mol 

— 

Vapour density 

3 Dissociation 
constants 

* ■■ { 

1 157xl0-3/15°C 

1 141 X 10-3/20°C 
1 123 X 10-3/25°0 

5 10 

ft { 

Dipole moment 
at 20° 

3 936xl0-6/18°C 
3 937 X 10-6/20°c 
3 906xl0-6/25°C 

• 

5 25x10-18 


1 Richardson and Parks (.T Amer Ohem Soc 1939, 
61 , 3543) and Verkade and Coops (Rec trav. chim. 
1928, 47 , 606) 

2 Monroe (J Ind Eng Chem 1920, 12, 969) 

3 The most recent and reliable determinations by 
Hamer et aL (J. Res. Nat. Bur. Stand. 1945, 35, 381, 


Table II. — SoLiJBndTiES of Phthalic 
Acid. 



Tem- 

pera- 

ture, 

°c. 

Solubility. 


Solvent. 

G per 100 g. 
solution. 

G per 
100 
mol 
solu- 
tion 

Ref. 

Watt'r 

0 

0 36 


0) 

,, . . . 

25 

0 701 


(2) 

»» 

45 

1 446 


(2) 


65 

3 246 


(2) 

11 .... 

85 

7 687 


(2) 

M 

101 1 

15 79 


(2) 

Aqueous 10% 
Na 2 S 04 




(2) 

25 

0 6440 


Ditto 

85 

6 461 


(2) 

Aqueous 15% 

Na 2 S 04 . 





25 

0 5272 



Ditto 

85 

5 533 



Aqueous 55% KBr 

25 


0 29 

(3) 

Aqueous saturated 



0 28 

(3) 

KCI 

25 


NaCI . 

25 


0 10 

(3) 

MgCl2 

25 


0 08 

(3) 

Methyl alcohol 

-2 

15 1 


(^) 

»» 11 

19 

19 5 


(^) 

»> »» 

28 

21 9 


(5) 

Ethyl alcohol, 90% 

15 

10 48 


(«) 

,, absolute 

-2 

82 


(^) 

♦ »» 

15 

9 16 


(«) 

»» »> 

10 

11 0 


(4) 

>1 >1 

28 

13 84 


(5) 

Propyl alcohol 

-3 

19 

3 42 

5 27 



II II • 

28 

7 205 


(5) 

Butyl alcohol 

28 

4 866 


(5) 

Acetone . . 

28 

7 860 


(5) 

Ether 

15 

0 679 


(6) 

Chloroform 

28 

0 0256 


( 5 ) 

Carbon tetrachlo- 




ride . 

28 

0 00263 


(5) 

Benzene . 

28 

0 00951 


(5) 

Chloft)benzene 

28 

0 00852 


(D 

Nitrobenzene . 

28 

0 0121 


G) 

Toluene 

28 

0 00846 


(5) 

?w-Xvleno 

28 

0 00728 


(5) 

Liquid SO 2 

— 

" insoluble ” 
“ insoluble ” 



„ NH3 

— 


— 


Table III. — Solubilities of Phthalic 
Anhydride. 


Solvent 

Tempera- 
ture, °o 

Solubility, 
g per 100 g 
solution 

Ref. 

Water • 

0 

0 00295 

(0 

Carbon disulphide 

-112 5 

0 013 

(D 


-20 

0 06 

P) 

)i >> 

0 

0 20 

(7) 

>) II 

20 

07 

(7) 

II II 

60 

1 7 

(7) 

ii 11 

100 

6 0 

(7) 

II ^ II 

180 

30 2 

(7) 

Formic acid, 95% 

19 8 

4 46 

(8) 

Pyridine . 

20-25 

45 5 

(9) 


♦ Other recorded values for water are not considered 
reliable because of hydration to acid 
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References to Tables II and III. 

General • A Seidell, “ Solubilities of Organic Com- 
pounds,” 3rd ed , New York, 1941, pp. 570-75 

1 Van der Stadt, Z physikal Chem 1902, 41, 363. 

2 McMaster, Bender, and Weil, J Amer Chem Soc. 
1921, 43, 1205 ; Ward and Cooper, J. Physical Chem 
1930, 34, 1484 

3 Herz and Hiebenthal, Z anorg Chem. 1928, 177, 
303 
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131 
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Ann Chim Phys 1894, [vii], 2, 526 ; 3, 275 

8 Aschan, Chem -Ztg 1913, 37, 1117 
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k 

Monroe (J. Ind. Eng. Chem. 1920, 12, 969) 
determined the vapour pressure of phthahe 
anhydride and gives the expression 

1 2823 5 

logic ^=7 94234 y— 

where p=tho vapour pressure m millimetres of 
mercury and T= absolute temperature. 

Phthalic acid is slightly volatile in steam. 
Crystals of phthalic acid can be grown to great 
size m water , facile super-saturation is a marked 
feature of aqueous solutions of the acid. For the 
electrical conductance of phthalic acid solutions, 
see Jones et aL (Amor. Chem. J. 1910, 42, 520 ; 
43, 187; 44, 159), Rivett and Sidgwick (J.C.S. 
1910, 97, 1677), Hunt and Briscoe (J. Physical 
Chem. 1929, 38, 1495). 

Freezing-point data for mixtures of phthahe 
acid and benzoic acid are given by Ward and 
Cooper {ihid, 1930, 34, 1484^ and for mixtures of 
phthalic acid with phthalic anhydride and 
naphthalene by Monroe (J. Ind. Eng. Chem 
1919, 11, 1116) Similar data for mixtures of 
phthalic anhydride with butyl phthalate and 
sec. -butyl alcohol are given by Lombaers (Bull 
Soc. chim. Belg. 1924, 33, 232) ; with p-to.didme 
by Puschin and Zivadinovic (Bull. Soc. chim. 
Yugoslav. 1933, 4, No 1, 23) ; and with phthali- 
mide by Grimm, Gunther, and Tittus (Z. 
physikal. Chem 1931, B, 14, 169). 

For the distribution of phthalic acid at 25°c. 
between water and ether, between water and 
xylene, and between glycerol and acetone, see 
Smith (J. Physical Chem. 1921, 25, 160, 204, 
605, 721; 1922, 26, 256, 349), and Chandler 
(J. Amer. Chem. Soc. 1908, 30, 700). 

For a very complete examination of the reduc- 
tion of phthalic acid at the dropping mercury 
cathode, see Furman and Bncker {ibid, 1942, 64, 
660). The ultra-violet light absorption spectra 
of anhydride and acid have been examined by 
Menzel (Z. physikal. Chem. 1921, 125, 161) and 
Goslawski and Maschlewski (Bull. Acad. 
Polonaise, Classe sci. math. nat. 1934, A, 45). 
The Raman spectrum of phthalic acid is reported 
by Hertz, Kahovac, and Kohlrausch (Monatsh. 
1943, 74, 271). 

Che]vjical Properties. 

Phthalic acid is converted by heatmg to 
phthalic anhydride, slowly at 150®c., rapidly 
above 180°c. The reaction is reversible and 


above about 60®o. the anhydride reacts rapidly 
with water to yield the acid. Heating phthalic 
acid with excess lime gives a mixture of products 
mcludmg benzene and diphenyl ; between 330°c. 
and 335°c. calcium benzoate is said to be the 
chief product of the reaction. The partial 
decarboxylation of phthahe acid to benzoic acid 
provides one of the principle industrial sources 
of the latter acid and forms the subject matter 
of many patents. The decarboxylation can be 
carried out m either the vapour or liquid phase 
with a variety of catalysts such as ; pumice, 
alumina, mixtures of chromium and copper salts, 
zinc oxide, nickel phthalate, etc ; a temperature 
of about 300°o. seems necessary with most 
catalysts for a reasonably rapid reaction. 
Phthalic acid forms many stable salts both acid 
and neutral {vide infra). 

Reduction with sodium amalgam and other 
reducing agents yields di-, tetra-, and hexa- 
hydrophthahe acids. Electrolytic reduction of 
the free acid m water in the presence of sul- 
phuric acid with a lead cathode gives the 3.5- 
dihydrophthalic acid (8omlo, Z. Elektrochem. 
1929, 35, 769). Solutions of ammonium, 

sodium, or potassium phthalates yield mostly 
phthalide, 


CO 



(Buhei Sakurai, Amor. Chem Abstr. 1932, 26, 
3996 ; Delfino and Somlo, ibid 1936, 30, 2855 ; 
Rodionov et al.^ ibid, 1937, 31, 6615). 

Tho two meta-directing carboxyl groups make 
phthalic acid very stable to oxidising agents and 
resistant to the attack of most inorganic re- 
agents , thus the acid is very resistant towards 
concentrated sulphuric acid merely giving the 
anhydride until extreme conditions are reached. 
Halogens do not react except under special con- 
ditions ; for instance, m alkahno solutions chlorme 
gives a mixture of 4- and 5-chloro- and a httle 
4 5-dichloro-phthalic acids (Ayling, J.C.S. 1929, 
253). Bromine does not react under these con- 
ditions but a high yield of the 4-bromophthalic 
acid results with sodium hypobromite (Wall- 
mann, J. pr. Chem. 1930, [ii], 126, 65 ; see also 
U.S P. 2394268). Iodine in the presence of 
mtric acid gives the 4-iodophthalic acid (Datta 
and Chatterjee, J. Amer. Chem. Soc. 1919, 41, 
292). 

Phthalic anhydride reacts slowly with cold 
water but rapidly with hot water to give the 
acid, and with alkahs to yield the corresponding 
salts. With alcohols, phthahe anhydride readily 
forms characteristic half esters, and this reaction 
has been extensively used for the characterisa- 
tion of alcohols and also for the resolution of 
optically active alcohols using alkaloid salts of 
the half esters. A catalyst such as sulphuric 
acid is usually required for producing the di- 
esters. Phthalic anhydride yields phthalimide 
with dry ammonia, phthalamic acid with alco- 
holic ammonia and ammonium phthalamate 
with aqueous ammonia. 
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Alkaline hydrogen peroxide gives monoper- 
phthalic acid, 



A mixture of products containing phthalide, 
o-toluic acid, and hexahydro-o-toluic acid is 
given by the catalytic hydrogenation of phthalic 
anhydnde using a nickel catalyst at 150°o. 
(Adkms et al , ibid. 1933, 66, 1669). A full study 
of the reaction using many different catalysts 
under various conditions has been made by 
Austin et al, (ibid, 1937, 69, 864 , U.S.P. 
2114696) who showed that the highest yield of 
phthalide was obtained in the presence of 
alcohol if a nickel catalyst were used, but in 
the absence of alcohol m the presence of a 
copper chromite catalyst. 

As with phthalic acid, phthahe anhydnde is 
normally resistant to chemical attack and severe 
conditions have to be used to bung about sul- 
jihonation, nitration, etc. Fuming sulphuric 
acid at high temperatures or sulphur trioxide 
under pressure brings about sulphonation to give 
4-sulphophthalic anhydride. Fummg nitric acid 
mixed with concentrated sulphuric acid gives 3- 
nitrophthalic anhydnde. Nitric acid with ex- 
cess boron trifluoride at 100°c. gives the same 
anhydride. Chlorine attacks the anhydride at 
high temperatures and in concentrated sul- 
phuric acid to give mono-, di-, and tetra-chloro- 
phthalic anhydrides according to conditions. 
Phthalic anhydride undergoes very many con- 
densation reactions and these are listed later. 
In some cases one of the CO groups appears 
to be able to react as a keto group; thus a 
characteristic phthalylhydroxylamine is formed 
(Brady, Baker, Goldstein, and Harris, J.C S. 
1928, 533), and phthahe anhydride undergoes a 
modified Perkm reaction with acetic anhydride 
and potassium acetate at 150-160°o., to yield 
phthalylacetic acid (Michael and Gabriel, Ber. 
1877, 10, 1554; Gabriel and Neumann, ibid 
1893, 26, 952) : 



+ (CHgCOaO 


CO 



Salts. — ^The disodmm and dipotassium salts 
are precipitated from aqueous solution by alcohol 
(hence determination of phthahe acid). The 
sodium phthalate is soluble to the extent of 0*06 
g./lOO c.c. solution in 95% alcohol at 23*6°o., 
the potassium salt 0*0252 g /lOO c.p. at 20®<3. 


Sodium hydrogen phthalate crystallises from 
water as NaHC8H404,iH20, but the corre- 
sponding potassium salt always occurs in the 
anhydrous form. Both these acid salts were 
early suggested for standardising volumetric 
alkah solutions and for preparing standard 
buffer solutions (Dodge, J. Ind. Eng. Chem. 1915, 
7, 29; J. Amer. Chem. Soc. 1920, 42, 1655; 
Hendrixson, 1915,37,2352; 1920,42,725; 
Patten, Johnson and Mams, ibid, 1918, 40, 
1156). Potassium hydrogen phthalate is widely 
used to-day for both purposes. It is best made 
by dissolving pure phthalic anhydride in a very 
slight excess of hot potassium carbonate solu- 
tion, addmg a httle water and crystaUismg not 
below 35°o. Recrystalhsation can be carried out 
from water, again not below 35°o. The salt can 
be dried in air or in the oven, is stable and not 
hygroscopic (Hondrixson, l,c , and Smith, ibid, 
1931, 63, 3711). 

Solubility data for potassium hydrogen phtha- 
lato in the presence of phthahe acid and di- 
potassium phthalate are given by .Smith (Z.c ) , 
corresponding data for the sodium hydrogen 
phthalate by Smith and Strum (ibid. 1933, 66, 
2414) ; for sodium phthalate and sodium cai - 
bonate by Smith and Hoegberg (ibid. 1941, 63, 
1866) ; for sodium phthalate and sodium sul- 
phate by Foote and Smith (^bid. 1924, 46, 84). 

Clark and Lubs (J. Biol. Chem. 1916, 26, 479) 
introduced a set of buffer solutions using 0*1 M. 
potassium hydrogen phthalate solution with 
varying quantities of NaOH or HCI differing 
by values of 0*2 pH for colorimetric determina- 
tion of hydrogen ion concentration. 0 05 m. 
potassium hydrogen phthalate solution has 
become accepted as a standard for pH, recent 
determination givmg pH 4 025 at 38°c. and 
4*010 at 25°c. (Russell and Stauffer, J. Amer. 
Chem. Soc. 1938, 60, 2820 ; Hitchcock and 
Taylor, ibid.y 1938, 60, 2712). Hamer and Acree 
(J. Res. Nat. Bur. Stand. 1945, 36, 381 ; 1946, 
36, 47) made a very detailed and precise examina- 
tion of the pH of potassium hydrogen phthalate 
solutions and give 4 005 as the value of pH of 
0 05 M. potassium hydrogen phthalate solution 
at 25°o. and suggest mixtures of solutions of di- 
potassium phthalate and potassium hydrogen 
phthalate with or without KCI as standard 
buffer solutions between the values of 4*87 and 
5*72 pH, The same authors give values for the 
pH of 0 05 M. potassium hydrogen phthalate 
solution at 5° mtervals from 0* to 60°o. Solu- 
tions of potassium hydrogen phthalate are 
opaque to ultra-violet light at and beyond 
3,000 A. and are suggested for use as ultra-violet 
hght filters (Saunders, J. Opt. Soc. Amer. 1928, 
16, 362). 

Many other salts have been described. Ekeley 
and Banta (J. Amer. Chem. Soc. 1917, 89, 759) 
summanse the data on known metallic salts and 
describe the preparation of others. The follow- 
ing list of known salts is drawn largely from this 
paper and from later publications, C8H4O4 
representing the divalent residue 
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(NH,)*(C8H404); NH4H(CgH404); 
Li4(C,H464); Li4(C8H404)»,3H,0; 
LiH(C 8H404),2 Hj 0; Naa(C8H404): 

Na4(C8H404)sJH80; 

Na,jH2(C8H404),,Hs0; 
NaH(C8H404),2H80; Ka(C8H404); 
KH(C8H404); 

K2(C8H4d4)(C8H404H8)2,4H80; 

RbH(C8H404 ), CsH(C 8H404 ); Cu(C 8H404); 

Cu(C 8 H^ 04 ),H 20 ; Cu4K8(C8H404)8»7H20 ; 
Ag2(C8H404), Be(CgH404),H20; 

Ca(C8H404),H20 ; 

CaH2(C8H404)2 ; CaH2(C8H404)2,H20 ; 
Ba(C8H404); Ba5(C8H404)5,6H20 ; 
BaH2(C8H404)2, BaH2(C8H404)2,H20; 
^^6^2(^8^4^4)6 » > 

Ba5(C8H404)5,Ba(0H)2;Hg2(C8H404),2H20; 

Hg(C8H404),H20 ; Sc(0H)(C8H404),H20 , 

Y2(C8H404)„3H20; 

Y2(C3H404)3,(CeH404)H2; 

CeH,(C8H404)3,3H20; 

Ce2(C8H4O4)3,10H2O ; CeH3(C8H404)3 ; 


Ce2(C3H404)3.(CoH404)H2.4H20 ; 
TU(C3H404); Th(C3H404)2.6H20; 
Pb(C3H404); Bi(C8H404H),, 
U0,(C.H404),3H20; U02,(C8H404),2H20 
Mn(C8H404). Fe(0H)(C8H404),2H20; 
Co(C 8H404),2H20; Ni(C 8 H 404 ), 2 H 20 . 


Titanium, lead, cadmium, barium, and zinc 
phthalatos have all been suggested for use as 
pigments in paints and to reduce “ chalk ” 
(Chicago Paint and Varnish Production Club, 
Nat. Pamt Var. Assoc., Sci. Sect. 1937, Circular 
No. 646, p. 261 ; U.S P 1934171 ; 2037322 and 
3 ; 2244258 ; B P. 455717 ; Gardner, Ind. Eng. 
Chem. 1937, 29, 640). 

Disodium phthalate is put to use in several 
ways in the tanning industry (Jaeger, J. Amer. 
Leather Chem. Assoc. 1936, 81, 302) and two 
patents cover its use in chrome tanning (B.P. 
461087; 461685). 

Solubility figures for salts of phthalic acid in 
water are summarised in Table IV. 


Table IV. — Solubilities of Metallic Phthalates in Water. 


Salt. j 

'J’empera- 
tnrc, ®c 

Solubility, g per 100 g 
solution, unless otherwise 
stated 

Reference 

(NH^)2(C8H,04) 

Li,(C8H404) 

Nao(CoH^OA) (solid phase 2Nao(CflH^04), 

— 

“ Soluble ” 

(*) 

— 

“ Moderately soluble 

n 

7H,0) 

0 

40-73 

(®) 

»» »> >» 

25 

43 81 

{*) 

»» >» >> 

35 

45 66 

(») 

>> if • >* 

60 

50 60 

(®) 

2NaH(C«H404),H20 . . . . 

26 

About 10 

(*) 

K2{C8H404) 

0 

60 4 

(') 

,, .... . . . . 

26 

74 8 

(') 

. . . 

35 

78 5 

(') 

if 

60 

78-9 

(*) 

KH{C8H404) 

25 

10-23 

(“) 

ft 

35 

12 67 

(“) 

99 

c.p. 

36-12 

(*) 

Cu{C 8H404),H20 ... 


“ Sparingly soluble” 

n 

CU4K8(C8H404)8JH,0 

— 

About 0 7 ^ 

(’) 

Ag2(CgH404) , . . . .... 

— 

“ Sparingly soluble 

(") 



— 

About 0-25 

(«) 

Ba(CgH404) . . 

C.p. 

“ Sparingly soluble ” 

(») 

Hg2(C8H404),2H,0; Hg(C8H404),H80 . . 


Both precipitated 

n 

Sc 0H(C8H404 ).Hsj 0 

— 

Insoluble 

(10) 

Y,(C8H404)3,3H,0 . . .... 

— 

Insoluble 

(“) 

Ce(C8H404)s,(C8H404)H3,4H,0 . . . 

22 5 

2 988 as anhydrous 

(U) 

062(^8^40 4)8»10H20 . . 

Th(C8H404)2,6H20 

23 

2 945 as anhydrous 

(12) 

— 

“ Moderately soluble ” 

(“) 

Pb(C8H404) 

— 

“ Insoluble ” 

Bi(C8H404H), 

— 

“ Insoluble ” 

(li) 

U02(C,H404),2H20 

Co(C 8H404),2H20 


“ Moderately soluble ” 

(*) 



“ Sparmgly soluble ** 

(*) 

C) 

Mn(C8H404); Ni(C8H404),2H20 .... 


Both precipitated 


Eefebbkoes. 

1 McMastcr, Amcr. Chem J 1913,40,298. 8 Salzer, Ber 1897,30,1498. 

2 Ekeley and Banta,J. Amer Chem. Soc. 1917,89, 769. 9 Carius, Annalen, 1869,148, 64. 

3 Smith and Sturm, ibid. 1933, 55, 2414. lo Crookes, Chem. News, 1910, 102, 99 

4 Dodge, J. Ind. Eng Chem 1916, 7, 30. Pratt and James, J. Amer. Chem. Soc. 1911, 83, 

5 Smith, J. Amer. Chem. Soc. 1931, 63, 3711. 1331. 

« Hendrixsom ibid. 1920, 42, 724. 12 Rimbach and Killian, Annalen, 1909, 368, 116, 

7 Pickering, J.C.S. 1912, 101, 182. 13 Vanino and Hartl, pr. Chem. 1906, [ii]|,74, 149 
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Detection. — The interconversion of phthalio 
acid and anhydride is a useful aid to the detec- 
tion of phthalic acid and its derivatives. The 
ready formation of a stable anhydnde, with 
sharp melting-point, distinguishes phthalic acid 
from 180 - and tere-phthalio acids. The most 
used, and probably most sensitive test, is the 
formation of fluorescein from phthalic acid or 
anhydride and resorcinol in the presence of a 
catalyst such as concentrated sulphuric acid. 
This has been much investigated and it would 
seem advisable, when testing mixtures, to carry 
out the tost on saponified material, making use 
preferably of the dipotassium salt of phthalic 
acid, which is insoluble in absolute alcohol, for a 
preliminary separation (vide infra, “ Determina- 
tion,” and Kappelmeier, Farben.-Ztg. 1935, 40, 
1141). The resorcmol test is very sensitive, but 
not completely specific, and confirmation using 
thymol (Toeldte, ibid, 1940, 45, 67) or phenol in 
place of resorcinol is recommended. Thus 0 05- 
0 1 g of the sample, or preferably of the dipotas- 
sium salt as prepared for quantitative determina- 
tion, is heated to 150-160° for 2-3 minutes with 
an equal weight of resorcinol and 1 drop of sul- 
phuric acid , the cooled mass is treated with a 
lew millihtres of dilute sodium hydroxide solu- 
tion and then poured into 500 ml water; an 
mtense yellow green fluorescence due to fluores- 
cem indicates the presence of phthalic acid m 
the sample. Use of thymol in place of resorcmol 
gives an mtense blue, use of phenol a bright red. 
Jn place of sulphuric acid, stannic chloride has 
been recommended as a catalyst at a tempera- 
ture of 110°. 

Conversion of phthahc acid or anhydride to 
phthalanil is another convenient and distinctive 
test : 0 1 g. of the acid or anhydride is heated 
with about 0 5 ml. aniline for 15 mmutes with 
gentle refluxing, 10 ml. 50% alcohol added, the 
solid filtered off from the cooled mixture and 
crystallised from boding alcohol. Phthalanil 
forms white plates, m p. 204-205°. 

A convenient test for phthalic esters is pro- 
vided by the production of the N-benzylamide 
of phthalic acid direct from the ester by rc- 
'fluxmg a mixture ofll g. ester, 3 ml benzylamine 
and 0-1 g. ammonium chloride. The amide is 
crystallised from aqueous acetone and alcohol 
and melts at 178-179° (Dermer and King, J. Org 
Chem. 1943, 38, 168). 

Other derivatives suitable for identification of 
phthalic acid are the diphenacyl ester, m.p. 
154*4°; the di-p-bromophenacyl ester, m.p, 
152*8° ; the di-p-phenylphenacyl ester, m p 
167 5°; the di-^-nitrobenzyl ester, m p. 155*5°; 
the acid benzyl ester, m.p. 106-107°; the S- 
benzylthiuromum salt, m.p. 151 ° ; the p- 
bromobenzylp 5 cwdothiuronium salt, m.p. 166° 
(Kelly and KlefF, J. Amor. Chem. Soc. 1932, 54, 
4444 ; Drake and Sweeney, ibid. 1932, 54, 2059 ; 
Donleavy, ibid. 1936, 58, 1004; ibid. 1941, 63, 
3526 ; Lyman and Reid, ibid. 1917, 39, 701). 

Determination of Phthalic Acid, 
Anhydride and Derivatives. 

Phthalic acid, or anhydnde after hydrolysis, 
can be titrated conventionally agamst standard 
alkali , although it has been recommended to use 


indicator solution (commonly phenolphthalein) 
made up in non-alcoholic solvents. Crude 
phthalic anhydride can be analysed by subhma- 
tion of a sample at 200-220°* mto a plug of 
cotton which is then extracted with a known 
volume of boilmg N./IO NaOH, the excess of 
which is titrated against standard acid solution 
(Boswell, ibid. 1907, 29, 235 ; Downs and Stupp, 
J Ind. Eng. Chem. 1918, 10, 596). Phthalic 
anhydnde m the presence of phthalic acid can 
be determined by firstly titrating against n ./2 
sodium methoxide solution m methanol usmg 
dioxan or acetone as a solvent and then titrating 
a second sample in pyridine against N /2 NaOH 
solution. The two reactions mvolved are : 



CHgONa 

^^/C00CH3 

X/'^COONa 

2NaOH 

/X^COONa 

J + H,0 

XX^COONa 


and the difference m the titre of the two samples 
IS equivalent to the anhydride present whatever 
free acid is contained m the sample (Smith and 
Bryant, J. Amer. Chem. Soc 1936, 58, 2453) 
Mixtures of acid and anhydride can also be 
analysed by use of the Karl Fischer reagent, by 
complete hydrolysis of the anhydride either in 
the presence of a boron trifluoride catalyst, or 
in pyridine with sodium iodide as catalyst, 
followed by titration of the excess water with 
Karl Fischer reagent (Smith, Bryant, and 
MitcheU, ibid. 1940, 62, 608; 1941, 63, 1700). 

The determination of phthalic acid and 
deiivatives in various products (e.gr., phthalatos 
m denatured alcohols, in plastics, etc.) has been 
the subject of much mvestigation, but the most 
satisfactory techniques evolved depend upon 
either the isolation of the sparingly soluble lead 
phthalate or the precipitation m alcohohc solu- 
tion of potassium phthalate. 

Schrader and Wolter (Ges. Abh. Kennt. Kohlc, 
1921, 6, 79) suggested the use of the relatively 
insoluble lead phthalate in dilute acetic acid as 
a means of separation of phthalic acid from 
benzoic acid ; Fonrobert and Munchmeyer, 
(Farben-Ztg. 1936, 41, 747) and Bruckel (Farbo 
u. Lack, ^936, 451) determmed phthalates m 
varnishes, and Thames (Ind. Eng. Chem. [Anal.], 
1936, 8, 418) in cellulose nitrate and plasticisers 
by precipitation of lead phthalate with lead 
acetate and conversion of this precipitate into 
lead sulphate. The madvisabihty of weighing 
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the precipitated leaa pntnalate and hence 
deducing the phthalic acid present is shown by 
the work of Smith and Strempfer (ihid, 1944, 16 , 
416). 

The use of the insolubility of dipotassium 
phthalate in absolute alcohol was suggested for 
the detection of phthalic esters in essential oils 
by Benrmtt and Garratt (Porf. & Essent. Oil 
Rec. 1927, 14, 359) and apphed for determination 
purposes in perfumery products by Handy and 
Hoyt (J. Amer. Pharm. Assoc. 1926, 15, 454) 
and Walbaum and Rosenthal (Ber. Schimmel, 
1929, 195). Naves and Sabetay (Perf. & Essent. 
Oil Rec. 1938, 29, 22) review this method and 
suggest for the determmation of phthalic esters 
in essential oil and perfumery products the 
followmg procedure : 1-2 g. of the sample is 
refluxed for 1 hr. with 25 ml. N./2 sodium 
hydroxide in absolute alcohol, then cooled in ice 
and filtered through a sintered glass filter. The 
precipitate is washed with 30-50 ml. ice-cold 
absolute alcohol, a mixture of 5 ml absolute 
alcohol and 10 ml. dry ether, and dried at 
140° to give anhydrous C8H4O4K2. The weight 
found multiplied by the factor 0 917 gives the 
weight of ethyl phthalate in the sample. 

The dipotassium salt method has been adapted 
by Kappelmeier (Farben-Ztg. 10.35, 40, 1141; 
1936, 41, 161 ; 1937, 42, 561) to the dotermma- 
tion of phthalic anhydride m alkyd resins, and 
materials containing these resins, and is the 
most widely used method to-day for this purpose. 
As detailed 111 A S T M Standards, 1944, Pt II, 
p. 1511 (Designation D. 563 — 43) for the deter- 
mination of phthalic anhydride m alkyd resin 
solutions, the method is as follows • A quantity 
of the liquid, equivalent to 2-3 g. solid content 
IS weighed into a 500 ml flask fitted by means of 
a ground glass joint with an air reflux condenser 
32 in. in length ; 10 ml benzene are added and 
the mixture warmed until homogeneous when 
150 ml. of 0 5 N -KOH in absolute alcohol are 
added. After w^arming at 60° for 1 hour the 
mixture is refluxed gently for 3 hours, cooled, 
allowed to stand 1 hour and the sides of the 
flask washed down with 50 ml. absolute ether 
The precipitate is filtered off on a Gooch con- 
taining an asbestos mat, and washed with 50 
ml. of a mixture of equal parts of absolute 
alcohol and ether, using five 10 ml. portions and 
not allowing air to suck through the crystals 
because of their hygroscopic nature. The sohd 
IS dried for 1 hour at 60° and then to con- 
stant weight over sulphuric acid in an evacu- 
ated desiccator. One g. of the precipitate, 
C8H404K2,CaH5-0H, is equivalent to0-5139g 
of phthalic anhydride. Goldberg (Ind. Eng. 
Chem. [Anal ], 1944, 16 , 198) has suggested 
several modifications, including drying at 150° 
for 3-4 hours to give quantitative loss of alcohol 
to C8H4O4K2 and sapomfying the original 
sample by warming 4-5 hours with 0-5 N. 
alcoholic KO H at 55°. He also suggests a 
volumetric procedure to estimate the dipotas- 
sium salt, utilismg 0*1 N. perchloric acid in 
glacial acetic acid in the presence of acetic an- 
hydride with, preferably. Methyl Violet as 
indicator. The method is reliable for simple 
alkyd resins but for the determination of phthahe 
anhydride in products containing tall oil. 


naphthenates, and dibasic acids such as maleic 
some modifications are necessary (Philipp and 
Scholz, Farben.-Ztg. 1942, 47 , 87 ; Kappel- 
meier and Van Goor, Verfkroniek, 1943, 16 , 8, 
17). A revised Kappelmeier method is described 
by Eickhofif, Kobrich, and Wills (Ind. Eng. 
Chem. 1945, 87 , 399) for determining phthalate 
content of pigments separated from red lead 
paints but no rehable method was found for 
determining the phthalate content of the ex- 
tracted vehicle. 

A third method for dotermmmg phthalic an- 
hydride content of alkyd resins has been 
described by Kavanagh (Ind. Eng. Chem. 
[Anal.], 1936, 8, 397) and is based upon the fact 
that careful acidification of the saponified resin 
allows the freemg of fatty acids without liberating 
any phthalic acid ; the fatty acid is removed by 
ether extraction and the phthalic acid set free 
by further acidification. 

Technical Manueacturb. 

Two processes only have become important 
for the mdustrial production of phthalic an- 
hydride The earlier method discovered m the 
late part of the nineteenth century involved the 
oxidation of naphthalene in the liquid phase by 
concentrated sulphuric acid in the presence of 
mercuric sulphate or other metallic salts as a 
catalyst. Biedig and Brown (Z. physikal. Chem. 
1903, 46, 502) showed that the velocity con- 
stant for this oxidation of naphthalene with 
sulphuric acid at 275°o. was increased five-fold 
by the addition of 1% mercuric sulphate. 

The original patents (G P. 91202 ; B P. 18221, 
1896) described how 100 kg naphthalene, 
1,500 kg. sulphuric acid monohydrate, 50 kg. 
mercuric sulphate, were heated gradually from 
200° to above 300°c. so that the phthalic an- 
hydride finally all distilled out from the iron 
retort leaving mercuric sulphate behind, suit- 
able for re-use. Semi-continuous production 
was achieved by feeding portions of a mix- 
ture of sulphuric acid and naphthalene into 
a still containing more sulphuric acid and mer- 
curic sulphate, distilling over the phthalic an- 
hydride formed until a residue was left and then 
repeating the procedure. In all cases the crude 
phthahe anhydride had to be separated from 
sulphuric acid in the distillate and was purified 
by washing and sublimation. The strength of 
acid used varied andWibaut (IngenieurChimiste, 
1926, 10 , 177) m a review and description of 
some investigation into the process, claims that 
the best yields wore obtained with 20% oleum in 
amount equal to twelve times the weight of 
naphthalene and used at a temperature of 286- 
295°c. A mixture of mercuric and copper sul- 
phate is said to be preferable to mercuric sul- 
hate alone. Various other metallic salts have 
een suggested as catalysts for this process but 
there is little evidence of their mdustrial use. 
Until the end of the First World War, this 
process provided the only commercial^ource for 
phthahe anhydride, but during the war-years 
the modem vapour-phase oxidation of naphtha- 
lene with air over a vanadium pentoxide catalyst 
was discovered almost simultaneously in €fer- 
many by Wohl and in America by Conover 
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and Gibbs. Walter (J. pr. Chem, 1895, [u], 5, 
107) bad demonstrated the use of vanadium 
pentoxide as a catalyst at 600®c. for the oxida- 
tion with air of aromatic hydrocarbons such as 
toluene. In 1916 Wohl filed G P. 379822 claim- 
ing the use of vanadium pentoxide between 300® 
and 5S0°c^, whereas a year later Gibbs and 
Cbnover applied for U.S P. 1285117 claimmg 
the same type of catalyst between 350® and 
550®c. 

Since these early years of the process many 
patents have been filed describmg types of 
catalyst, construction of plant, operating pro- 
cedure, and methods of purification. It is diffi- 
cult to assess the value of each patent especially 
as the individual manufacturers of phthalic 
.inhydndo disclose little about the details of 
their processes and because there has been but 
little fundamental work on the reaction Apart 
from the many patents which are listed below 
on various aspects of the process the following 
papers contribute considerable mformation, 
especially that of Conover and Gibbs concemmg 
the early American work on the reaction, and 
those of Marisic and of Brown and Frazer on the 
mechanism of the reaction : C. Conover and 
H. D. Gibbs, J. Ind. Eng. Chem. 1922, 14, 120, 
M. M. Marisic, J Amer. Chem. Soc 1940, 62, 
2312 , H. T. Brown and J. C. W. Frazer, ihid, 
1942, 64, 2917 , R. N. Shrove and R. W. Wel- 
born, Ind. Eng. Chem 1943, 36, 279 

o-Xylene has recently been used as a raw 
material in place of naphthalene m one large 
plant in the tJ S.A. ; the catalyst and converters 
used are apparently very similar to those of 
the more conventional naphthalene- consuming 
plant. A very full description of this interesting 
development is given in Chem. Eng 1946, 53, 
No. 8, 116, 138. 

Catalysts. 

Besides vanadium pentoxide many other cata- 
lysts have been suggested, but it is fairly certain 
that to-day little use is made of any of these 
other suggestions. Conover and Gibbs tried out 
many metallic oxides but claimed that vanadium 
pentoxide was the preferable one, molybdenum 
oxide bemg the next best ; yields of phthalic 
anhydride were 82 and 58% respectively. 
References to catalysts other than vanadium 
pentoxide are : alumina (U.S P. 1374722 ; 
1930716) ; ferric oxide with iron pentacarbonyl 
(U.S.P. 2270779) ; vanadyl chloride (B.P. 
164785) ; tm or bismuth vanadate (B.P. 
228771). 

The early vanadium pentoxide catalysts were 
either lump or powdered oxide alone, or oxide 
supported on pumice. It is certain that all 
commercial catalysts to-day are of the supported 
type, but the patent hterature is so full of varia- 
tions that it is not easy to give full details of 
these. The modem tubular convertor {vide 
infra) has made the use of a pelleted or granular 
form of catalyst essential, and moreover the 
pellets miftt be capable of remaining at about 
400®o. for a long time without powdering. 
Many supporting materials for the vanadium 
pentoxide have been suggested and many pro- 
moters patented. Shreve and Welbom decided 
that the most successful catalyst of the many 


tried was that obtained by decomposing am- 
monium metavanadate by heating and fusing 
the resultmg oxide on a commercial sdica gel of 
8-10 mesh until the carrier was coated with 
a dull purplish red oxide. The literature is 
unanimous m agreemg that fused oxide is 
preferable to a precipitated material. 

The performance of individual catalysts is very 
often difficult to ascertain from the literature 
and oven in some of the academic contributions 
the yield of phthalic anhydride is estimated 
simply by alkalimetric titration, ignoring the 
substantial and variable amount of maleic 
anhydride present. 

A hst of patents concerning the use of vana- 
dium pentoxide and of supporting materials for 
the oxide follows . 

Claims and Comments. 

{ The original Gibbs patent claiming 
vanadium pentoxide active 350- 
550®C. 

fXhe original Wohl patent claiming 
J vanadium pentoxide active be- 
] tween 300® and 580®C. Pumice 
L described as earner. 

The early patent (1904) of Walter 
claiming vanadium pentoxide as 
a catalyst at above 500°0. 
Vanadium pentoxide and pyro- 
vadadates. 

Vanadium pentoxide heated above 
500°o. claimed as an oxidation 
catalyst for many reactions. 
Vanadium pentoxide mixed with 
other oxides of vanadium or 
molybdenum. Presence of 
sodium, copper, lead, cobalt, 
aluminium, and cadmium oxides 
said to decrease phthalic an- 
hydride yield and to increase 
production of maleic anhydride 
Phosphate incorporated to reduce 
by-product formation and to 
diminish violence of reaction. 
Vanadium pentoxide activated 
with titanium or zirconium, on 
pumice as a carrier. 

Vanadium pentoxide activated 
with silicon or zirconium car- 
bide 


Mechanism. 

The fundamental mechanism of this reaction 
is probably complex and has not yet been 
worked out. Besides phthalic anhydride there 
is always present in the reaction product up to 
about 5% of maleic anhydride, smaller quantities 
of l:4-naphthaquinone, benzoic acid, and pro- 
bably other impurities. In addition to carbon 
dioxide and water, carbon monoxide is always 
found in the gaseous products. No fuUy satis- 
factory mechanism has yet been substantiated to 
explain the formation of all these products. 
That the main reaction is a step-wise oxidation 
through the l:4-qumone or corresponding 
hydroxyl compound has received considerable 
support in the past but with little factual evi- 
dence. It is made unlikely by the demonstra- 
tion of Brown and Fr&zer that this quinone itself 
gives a very low yield of phthahe anhydride 
when oxidised. The presence of any other 
quinone or hydroxyl compounds Jias not been 
satisfactonly shown. The production of the 


Patent. 

BP 119518 
U.S P. 1285117 

BP 145071 
G P. 379822 

GP 168291 

P P. 635717 
B P. 170022 

U S P. 1489741 

U S.P. 2294130 
U S P. 21579C5 
U S P. 1930716 
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maleic anhydride can be conjectured as arising 
from oxidation of the l:4-quinone, jfrom the 
further oxidation of phthalic anhydnde or from 
the further oxidation of benzoic acid. Again 
teroh is no proof as to which route is actually 
followed, but further oxidation of phthalic an- 
hydnde would seem the most likely. It is 
known that phthalic anhydride yields some 
maleic anhydride under the conditions necessary 
for naphthalene oxidation. The formation of 
benzoic acid would seem to bo most satisfactorily 
explained by the partial decarboxylation of 
phthalic acid at the high temperatures of the 
reaction. From what stage in the process the 
carbon monoxide originates is unknown but 
Brown and Frazer conclude from their quantita- 
tive results that this gas is made m considerable 
quantity at some time dunng the process and 
that pait of the carbon dioxide comes from 
oxidation of the monoxide. 

A. O. Jaeger (J. Amor. Leather Chem. Assoc 
1936, 31, 302) mentions that carbon suboxide, 
C3O2, is also present in the reaction gases and 
writes equations showing its production with 
maleic anhydride from the oxidation of phthalic 
anhydride or from benzoic acid, but there is no 
supporting evidence. However naphthalene is 
oxidised, very considerable quantities of heat 
are generated, the figures being for the most 
significant overall reactions ; 

Naphthalene ->■ Naphthaquinone4-121 kg.-cal. 

„ “> Phthalic anhydride +428 kg.- 

cal. 

„ -> Maleic anhydride+874 kg.- 

cal. 

„ CO+ H2O+55I kg -cal. 

„ CO2+ H2O+ 1,232 kg.-cal. 

Thus it will be seen that the removal of heat 
from the reaction zone will be a very critical 
factor in the successful performance of the 
operation. The actual way in which the catalyst 
itself brmgs about the reaction is not known but 
quite early it was established that the pentoxide 
became reduced to lower oxides ; Weiss, Downs, 
and Burns (Ind Eng Chom 1923, 15, 966) 
reported that the extent of the reaction was not 
dependent on the ratio of VgOg to V2O4. 
More recently Pongratz and Scholtis (Ber. 1943, 
76 [B], 117) showed by both Z-ray diffraction 
and chemical analysis this same production of 
lower oxide. 

Process and Plant. 

Essentially the process is a simple one, but the 
means of bringing it about economically have 
been developed very largely smee the early days 
This is made apparent by the large number of 
patents covering typos of apparatus and methods 
of procedure. Unfortunately there has been no 
reliable description of the plant as a whole 
except in the recently published reports of in- 
vestigating teams sent to examine German 
chemical industry. 

Four of these reports, C.I.O.S. File No. XXVII 
—80, XXVII— 86, and XXVIII— 29, and 
B.I.O.S. Final Report No. 753, describe in 
some detail the phthalic anhydride plants at 
Uerdingen, Ludwigshafen, and Schkopau. Al- 


though the German procedure and plant is 
probably not identical with American and 
British equivalents the differences are likely to 
be only in detail and the followmg account is 
based largely on these four reports. 

Naphthalene of hot pressed quality (c.p. <jc 78®c.) 
was filtered at 120-1 30°c. and fed via a rotameter 
to a earburettor shown diagrammatically in 
Fig. 1. In this carburettor the hot naphthalene 
descended a stepped spiral together with hot air 
passing m the same direction ; all the naphtha- 
lene was evaporated before reachmg the bottom 
of the spiral and the mixed vapours then passed 
upwards through a pipe threading the centre of 
the spiral. The air was fed from a rotary com- 
pressor working at about 7 lb. per sq. in. gauge 
pressure, via a tubular heat-exchanger through 
which the hot reaction -gases after oxidation also 
passed. The air passing to the carburettor was 
thus heated to 160°o. The proportion of 
naphthalene in the air mixture was 0 63 molar 
per cent., well below the explosive hmit of such a 
mixture About 244-286 lb. per hour of naph- 
thalene were fed to the catalyst. The reaction 
vessel (or convertor) containing the catalyst was 
similar to a tubular heat-exchanger but con- 
tamed a hollow central core. The vessel is 
shown diagrammatically in Fig. 2. It contained 
nearly 3,000 vertical tubes, 25 mm. mternal 
diameter, 3 0 ni. long, fiUed with catalyst pellets 
about 5 mm diameter by 6 mm. long. The 
tubes were surrounded with molten potassium 
nitrate-sodium nitrite mixture which was cir- 
culated upwards through the central core and 
downwards round the tubes by a submerged 
pump. Tubular air coolers carrying coohng 
air from a subsidiary blower were immersed m 
the salt mixture to remove the surplus heat of 
reaction. The temperature of the catalyst, 
measured by eleven thermocouples arranged to 
shde into the tubes, was kept at 350°o. for a new 
catalyst or up to about 400°c for an aged 
catalyst by manual control of the cooling air. 
No great precision in controlling the ratio of 
naphthalene to air was attempted. 

From the bottom of the convertor the mixture 
of oxidation products at nearly 400°o. passed to 
the afore-mentioned heat exchanger and thence 
to the condensing system, which consisted of 
16 mild stool rectangular vessels 20 ft. long, 15 ft. 
high, and 2 ft. 6 in. wide, all arranged in series. 
The gases enter one end of each vessel, pass 
through to the bottom, round and under a central 
baffle and then upwards to the exhaust. The 
first two or four were water cooled, the remainder 
lost their heat to atmosphere only. Solid 
phthalic anhydride was removed from each con- 
denser by a screw conveyor which emptied into 
a bucket-conveyor feeding melt-kettles. The 
gas issuing from the last condenser was at about 
40°o. and was exhausted from the system by fan 
direct to atmosphere. The crude phthalic an- 
hydride was charged in 17 ton batches to steel 
melt-kettles together with 12-60 lb. of 98% 
sulphuric acid. The mixture was heated to 
about 200°c. for several hours, then neutralised 
with chalk and charged directly to a batch steel 
still of 6,000 gal. capacity, heated by a coil 
I welded to the outside surface and carrying steam 
i at 300°o. A short column filled with Raschig 



606 


PHTHALIC ACID. 



Fio. L 


rings was fitted to the stiJl and the phthalic an- 
hydride was distilled with a sbght but un- 
measured reflux and at 30 mm. mercury pres- 
sure, The phthalic anhydride vapour was con- 


densed in a condenser using an ethylene glycol- 
water mixture boilmg just above the melting- 
point of the anhydride. Some residue was left 
in the still but the whole of the distillate was 



PHTHALIC ACID. 


607 


fed to a drum flaker as pure phthalic anhydride. 
When about 9,000 lb. of residue had collected 
from several distillations these were charged to 
a second still fitted with a powerful stirrer and 
heated similarly to the refining still. This charge 
was then distilled to dryness, the distillate being 
fed back into the crude anhydride, the residue 
bemg discharged mechanically by the stirrer 
through a side manhole m the still. The yield of 
refined phthalic anhydride was about 80% of 
theory. 


The monthly production of a single unit was 
from 75-100 tons. The total cost of the 
Uordingen plant of capacity 300-400 tons per 
month is given as 4 5-5 million Reichmarks. 

Various types of convertors are described in 
U.S P. 1599228 ; 1909358 ; 1936610 ; 1945353 ; 
1945812; 1959898; 2117359; 2142678; B.P. 
283887 ; 534743. Various heat-exchange hquids 
for use in the convertors have been patented: 
Mercury m U.S.P. 1873876; mercury alloys 
with cadmium in U.S.P. 1689860 ; with lead and 



Cooling Air Out 


■Cooling Air In 


Fio. 2. 


tin m U.S P. 1735951 ; and with lead in U.S.P. 
1834679; see also B.P. 282559; mixtures of 
sodium and pota, 3 sium nitrates in B.P. 275321 
and mixtures of sodium nitrate and nitrite in 
U.S.P. 1936610 and 1945812. 

Removal of heat of reaction by means other 
than through a heat-exchange medium have 
been patented as follows: Use of excess air, 
U.S.P. 2071361 ; injection of water sprays into 
catalyst zones, B.P. 249973 ; admixture with 
the air of an mert material such as carbon 
tetrachlonde, B.P. 355192. 


Quite recently the problem of heat removal has 
been overcome by the use of “ fluid catalysts ” 
of a type similar to those developed m the oil- 
crackmg mdustry. Vanadium pentoxide cata- 
lyst is used as a fine powder and is carried 
through from the reaction zone into a cooling 
zone, separated from the gaseous reaction pro- 
ducts and reintroduced into the reaction zone ; 
a plant working on these Imes is described by 
J. A. Lee (Chem. Met. Eng. 1945, 52 , No. 7, 100). 
Patents covermg this method are B.P. 568913, 
1941, and U.S.P. 2373008, 1945, but it is 
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interesting to note that W. A. Caapari as early 
as 1928 descnbed in U.S.P. 1674689 the use of 
vanadium pentoxide in a finely divided con- 
dition and suspended m the gaseous reactants 
for the preparation of phthalic anhydride. 

Methods of recovery of solid phthahc an- 
hydride from the gaseous reaction mixtures are 
summarised as follows : Use of various types of 
surface condensers, U.S.P. 2219916; 2219333, 
2247910; 2067019; 2004686; 2112024; 2076033. 
Scrubbing with an inert water- immiscible sol- 
vent, B.P. 416748. Scrubbmg with aqueous 
liquor, U.S.P. 2071329; 2190001; 2071357; 
2128323. Dilution with a cool inert gas, U.S.P. 
2664468. 

Many methods of purification have been sug- 
gested mcludmg crystalhsation from carbon 
tetrachloride or from toluene or without a sol- 
vent (U.S.P. 1301388; F.P. 648163; U.S.P. 
2046368) ; passing the phthalic anhydride while 
still in the vapour state over such materials as 
alumina, pumice, silica gel, active charcoal 
(USP. 1693916; 1852782; 1953937; B.P. 

272667) or through molten phthahc anhydride 
containing sulphuric acid, or alummium chloride 
(G.P. 512230). A very common method of 
purification would seem to be the hcatmg of 
crude anhydride at various temperatures up to 
its boiling-pomt with or without added sub- 
stances, followed by distillation or sublimation. 
Thus such heating with sulphuric acid is 
described in U.S.P. 2105911 ; with sulphuric 
acid followed by lemoval of excess acid with 
wood charcoal or alkali in U S.P. 2118918 and 
2309167 respectively; with sodium bisulphate 
111 USP. 1897110; with nitric acid in U.S P. 
2349518 ; with trioxy methylene in US P. 
1765242 ; with lactic or other hydroxy acids m 
B.P 361443 ; with a mixture of sodium chlonde 
and heavy metal oxides in Russ. P. 33147 ; with 
manganese dioxide and chlorine in U.S.P. 
1702871 ; B P. 285017 ; with stannous chlonde 
m U.S.P. 2356449 ; with zinc chloride or sodium 
hydroxide in U.S.P. 1728226 ; and with finely 
divided iron or nickel plus a little hydrogen in 
U.S.P. 2091289. 

All these methods of refining are carried out 
on the anhydride itself but in U.S.P. 1930054 an 
aqueous solution of the free acid is extracted 
with solvents and the purified acid recovered 
from the aqueous layer, whereas m U.S.P 
1943892 the acid is purified via an alkali metal 
salt by treatment with a hypohalite or a per- 
oxide. Methods for separating phthahc an- 
hydride from small amounts of naphthalene and 
benzoic acid are described m U.S.P. 1685624; 
1694124; 1686913; 1892396; 1822016. 

In almost every case any of the above methods 
of purification is preceded or followed by sub- 
limation or distillation with or without frac- 
tionation. Patents covering subhmation are 
B.P. 174013; Canad. P. 202625; U.S.P. 
1446870 ; 1484260. The size and shape of 

siUbhmed crystals are discussed by 0. Dony 
(Bull. Acad. roy. Belg. 1932, 18, 1138). Vacuum 
distillation methods are described in B.P. 
324840; U.S.P. 1910836; 1972167; 1993886; 
a fractional condensation method is described 
m B.P. 173789. 


Growth of Production and Uses of 
Phthalic Anhydride. 

The published figures for the yearly production 
of phthahc anhydride in the U.S. A. tell a remark- 
able story of the expansion in production from 
the discovery of the vapour-phase oxidation pro- 
cess m 1917 until the end of the Second World 
War. 


Year 

Production of 
idithalic anhyd- 
ride in tons 

Pi ICC per lb in $ 

1918 . . . 

<450 

ca. 4 0 

1929 . . . 

4,100 

0 15 

1936 . . . 

13,950 

0 12 

1942 . . 

42,320 

* 0 14 

1943 . . . 

50,950 

0-14 

1944 . . . 

54,800 

0 13 


Investigations m Germany have shown that 
the production there in 1942 was 12.250 tons, 
whereas it is thought that the present production 
in Great Britain is less than this figure 

The need for phthalic anhydride in the First 
World War was principally for dyestuffs. 
Synthetic indigo was made in the past from 
anthranihc acid which itself was made from 
phthalic anhydride, but this use was displaced 
when the phenylglycme route to indigo was dis- 
covered. Philliiis (J Ind Eng Chem 1921, 13, 
247 ; cf. tbid , p. 363) lists several hundred dye- 
stuffs and intermediates arising from phthahc 
anhydride, including the important xanthene 
class of dyes, quinohne yellow, anthraquinone, 
phthaleins, etc. Many of these compounds and 
dyes are still made from the anhydride but by 
far the largest part of the production in recent 
years has gone to the manufactures of esters of 
phthahc acid andalkyd resins , thus, S. A. Fhdlips 
(Amer. Paint J. 1945, 29, No. 27, 60, 64, 66, 68) 
divides the American use of phthalic anhydride as 
follows: 60%, esters; 31%, resins; 6%, dyes 
and mtermediates ; 2%, food and drugs; 1%, 
miscellaneous uses. Apait from the use of esters 
of phthahc acid as plasticisers for many types of 
plastic, two further large uses developed during 
the recent war ; first, dimethyl phthalate be- 
came widely used as a mosquito repellent, and 
secondly, dibutyl phthalate became important 
as a plasticiser for smokeless powder. 

Since about 1930 phthalic anhydride has also 
become an important starting material for 
benzoic acid, which is now made on a large scale 
by the partial decarboxylation of the anhydride 
either m the liquid or vapour phase (see U.S.P. 
1885834; 1929624; 1939212; 1889945; 1955060, 
2088929; 2013973; 1988876; 1962176; 1693916; 
B.P. 341902 ; F.P. 680793). 

Rbactions of Phthalic Anhydride. 

Phthahc anhydride enters very readily into 
many condensations and other reactions, some 
of whicli have become industrially important. 

(1) Phthahc anhydride undergoes with facdity 
a Fnedel and Crafts reaction with benzene and 
other aromatic compounds to give o-benzoyl- 
benzoic acid and other similar substances 
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(Friedel and Cra^, Ann. Chim. Phys. 1868, 
[iv], 14, 446 ; G.P. 193961 ; Graebe and UU- 
mann, Annalen, 1896, 291, 9) {v. Vol. I, 401d). 


CO 



When this keto-acid is heated with sulphuric 
acid, cychsatioii occurs with the production of 
anthraqumone. This process has been used in- 
dustrially in France and the U.S A., where it is 
competitive with the alternative production of 
anthraquinone from anthracene. Very many 
substituted anthraquinones can be prepared by 
using aromatic compounds other than benzene. 
Thus qumizarin is manufactured by the con- 
densation of phthalic anhydride with p-chloro- 
phenol or hydro qumone, using concentrated sul- 
phuric acid and boric acid at 200®o. 



In this case the two stages of the reaction pro- 
ceed together and also if p-chlorophenol is used 
the chlorine atom is replaced by a hydroxyl 
group. This reaction therefore provides a con- 
venient route to many anthraqumone dyestuffs, 
and a very complete account of it will be found 
in Chapter IX of C. A. Thomas, “ Anhydrous 
Alummium Chloride in Organic Chemistry,” 
Remhold, New York, 1941. 

(2) The reaction of phthalic anhydride with 


CO 



to 


phenols in the presence of dehydrating agents 
such as sulphuric acid, zinc chloride, etc., to 
yield a class of colouring matter known as the 
phthalems, was discovered by Baeyer in 1872 
and has become mdustrially important both for 
the manufacture of dyestuffs, such as fluorescein 
from resorcinol, and for the production of the 
simplest member of the class, viz. phenolphtha- 
lem. 

(3) Condensation products of phthalic an- 
hydride and glycerol and other polyalcohols 
have become very important as alkyd or glyptal 
resins, which to-day consume more phthalic 
anhydride than any other product except per- 
haps phthalic esters. 

(4) Grignard reagents can give rise to dialkyl- 
and diaryl-phthahdes 



-h 2PhMgBr 



(Bauer, Ber. 1904, 87, 735; 1905, 38, 240), or 
monoarylhydroxyphthalidos, which with water 
yield keto acids : 


CO 



(Pickles and Weizmann, Proc. Chem. Soc. 1904, 
20, 201 ; Weizmann, Bergmann, and Berg- 
mann, J.C.S. 1935, 1367). The latter is claimed 
as a less ambiguous route to substituted benzoyl- 
benzoic acids (and hence anthraqumones) than 
the Friedel and Crafts reaction. Phthalic an- 
hydride also reacts readily with cadmium alkyls 
made from cadmium chloride and a Grignard 
reagent to give an addition compound, which 
with 10% sulphuric acid gives acylbenzoic acids : 



O + Me^Cd 


0 COOH 
COCH3 


Vol. IX.— 39 


(De Benneville, J, Org. Chem. 1941* 6, 462). 

(5) With a-picoline, lutidines, or quinaldine, 
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phthalic anhydride undergoes the “ phthalone 
reaction,” c.gr., 


CO 



(Diiring, Ber. 1906, 38, 161 ; Eibner, ihid. 1904, 
37, 3606 ; Scholze, ihid. 1905, 38, 2806 ; Danger, 
i6zd., p. 3704). 

(6) With amines and amino acids phthalic 
anhydride gives substituted phthalamic acids or 
phthalimides ; thus with glycine it yields 
phthalyl glycine 



or substituted phthalamides (Tingle ei aL, J. 
Amer. Chcm 8oc. 1910, 32, 113, 1319, Vanags 
and Veinberg, Ber 1942, 75 [B], 1658) The 
reaction of hydrazine has been the subject of 
long controversy ; Drew and Hatt ( J.C.S 1937, 
16) give a good review of the literature and show 
that in acetic acid the reaction with equi mole- 
cular quantities of reactants gives (I) and (II) 
probably via the half-hydrazide (III) ; (II) 



IV. 


formed 60% of the mixture, whilst prolonged 
action gave only (I). Excess phthalic an- 
hydnde gives a mixture of (I) and N-phthal- 
imidophthalimide (IV). 


Esters and Halides. 

Acid eaters of very many alcohols have been 
prepared and are widely used in the laboratory 
for dharacterising and purifymg alcohols. 
Goggans and Copenhaver (J. Amer. Chem. Soc. 
1939, 61, 2909) describe the preparation of alkyl 
acid phthalates from normal alcohols containing 
from 1 to 20 carbon atoms. Melting-points of 
all the derivatives are given for the lower 
alcohols up to butyl. The esters are prepared 
merely by refluxing a mixture of phthalic an- 
hydride and the alcohol. The half esters of 
some secondary alcohols are prepared by Levene 
and Mikeska (J. Biol. Chem. 1927, 76, 694) by 
heating a mixture of the anhydride, alcohol, and 
pyridme. Tertiary alcohols do not easily form 
esters but Fessler and Shnner (J. Amer. Chem. 
Soc. 1936, 58, 1384) describe their preparation 
by reaction in dioxan solution at 60-55°c. of 
the Grignard reagent from the tertiary alcohol 
with phthalic anhydride. 

Acid esters of secondary alcohols have been 
used extensively for resolvmg racemic alcohols 
(c g., the work of Kenyon, J C S. 1907, 91, 2058 ; 
1911,99,68; 1913,103,1937; 1926, 2062, etc ). 
Purification of alcohols via these half esters is 
exemplified m the case of tsobutanol (Huckel 
and Ackermann, J. pr. Chem 1933, [ii], 136, 16). 
Some industrial uses of these half esters and 
their derivatives have been suggested. Thus, 
metalhc salts are claimed as paint dryers (U.S P. 
1742506 ; 2087999 ; F.P. 838476) ; also, some 
metallic salts are described as resm-hke sub- 
stances, msoluble m water, soluble m organic 
solvents, and useful for dissolving nitrocellulose 
(U.S.P. 1779654, 1779688). The acid esters 
made from higher fatty alcohols are claimed 
as softeners for leather. Sodium, potassium 
or lithium salts of higher alkyl acid phthalates 
are described as detergents for use in lubri- 
cating oils, whereas vanadyl oleyl phthalato 
IS claimed as an oxidation inhibitor for lubri- 
catmg oils. 

Neutral eaters of very many alcohols have been 
prepared, and several are produced on a largo 
scale to constitute one of the chief uses of 
phthahe anhydride. Pubhshed figures for Ameri- 
can production of the important esters and the 
total quantities are as follows ; 



Production in lbs 

1936. 

1944. 

Dimethyl phthalate 



42,837,000 

Diethyl „ 

700,686 

3,478,000 

Dibutyl „ 

6,644,166 

47,810,000 

Total . . . 

10,273,647 

116,810,000 


British figures are not available but it is cer- 
tain that a considerable mcrease m production 
has occurred since 1936. This remarkable in- 
crease in production as shown by the American 
figures is due to the extensive use of phthalates 
as plasticisers for polymers, themselves under- 
going great expansion, to the use of dibutyl 
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phthalate as a plasticiser for smokeless gun- 
powder and to the discovery and use of dimethyl 
phthalate as an msect repollant. The phthalates 
provide the most widely adaptable group of 
esters for use as plasticisers. Dibutyl phthalate 
13 the most widely used plasticiser for cellulose 
nitrate lacquers and is used also in many other 
resms such as cellulose acetate, ethyl cellulose, 
polyvinyl acetate and chloride, acrylates, metha- 
crylates, rubber hydrochloride, etc. Diethyl 
and dimethyl phthalates are probably the most 
used after dibutyl phthalate and are often em- 
ployed mixed together for cellulose acetate and 
cellulose acetate-butyrate compositions. Di- 
methyl phthalate is also used to some extent for 
plasticisation in much the same way as the 
dibutyl ester. Durmg the war dioctyl phthalates 
(especially that from 2-ethylhexanol) have 
become useful as plasticisers, especially for 
polyvinyl chloride and other compositions which 
are required to keep their properties at low tem- 
peratures. Other esters such as the gly collates 
(e g , methyl phthalyl ethyl glycollate) and those 
made from glycols and glycol ethers are also 
used to some extent. Diethyl phthalate is’ also 
used extensively as a denaturant for alcohol A 
list of some of the most important phthalates 
together with their physical properties is given 
in Table V. For vapour pressure curves of 
several phthalates, see Hickman, J. Franklin 
Inst. 1936, 221, 383). 

The alkyl phthalates are prepared by con- 
ventional loutes, sulphuric acid being favoured 
as a catalyst. The removal of water formed 
during the esterification is earned out in several 
ways. G.P 516135, describes the use of toluene 
to remove the water in an azeotropic mixture, 
U.S P. 1732392 claims a similar method under 
pressure. In U S.P. 1864893 the mixture is 
distilled under reduced pressure to remove the 
water together with some alcohol. U.S P. 
2169012 describes the gradual addition of alcohol 
to a mixture of phthalic anhydride and catalyst 
well above the boiling-pomt of water. Ustinov 
(Org. Chem. Ind. Russ 1937, 3, 291) passes the 
distillate from the reaction mixture through a 
layer of salt to remove water and returns the 
dry alcohol to the still. Gordon and Aronowitz 
(Ind. Eng. Chem. 1945, 37, 780) obtain a good 
yield of dioctyl phthalate by refluxmg the re- 
action mixture below a column containing the 
desiccant “ fluorite ” Several methods of purifi- 
cation of the esters have been patented and in- 
clude decolorisation by aeration, absorption or 
chemical bleaching followed by distillation 
(U.S.P. 2130014), treatment with aqueous per- 
manganate (U.S.I?. 1905974), exposure to ultra- 
violet light (U.S.P. 1948281), refluxing with 
sodium perborate under reduced pressure 
followed by distillation (U.S.P. 2197646), and 
continuous flash distillation (U.S.P. 2324088). 

The dialkyl phthalates are colourless liquids 
when molten, and are stable to heat and boiling 
water. They are reduced by nickel catalysts, 
under pressure and at 200®c., to dialkyl hexa- 
hydrophthalates (B.P. 286201 ; Adkins et of., 
J. Amer. Chem. Sob. 1933, 65, 1669), but copper 
chromite catalyst at 260®o. gives mamly 
o-xylene. 

Kyrides (U.S.P. 1939216; .J. Amer. Chem. 


Soc. 1933, 66, 4630) has suggested the use of the 
reaction between alkyl phthalates and asym- 
metric phthalyl chloride in the presence of 0*2% 
zinc chloride at 130°c. for the production of alkyl 
chlorides. 



2RCI + 2 



(See Amitin and Hirshberg, Amer. Chem. Abstr. 
1937, 31, 6610, for some exceptions.) 

Kmg and Wright (J.C.S. 1939, 1168) utilise 
alkyl phthalates to produce phenyl and guaiacol 
ethers by direct reaction with the potassium salts 
of phenol and guaiacol, respectively at 190- 
200®c. For the use of dimethyl phthalate as an 
insect repellant, see Phillip, Paul, and Sabin 
(War Medicine, 1944, 6, 27), and Lancet, 1944, 
664 ; 1946, 571 ; v. this Vol , p. 312c. This now 
represents a very large usage of this ester. 

Diethyl phthalate is covered by the British 
Standard 574/ 1 934. Dibutyl phthalate is covered 
by British Standard 573/1934 and by the 
A.S T M Designation D.608 — 43. Its vapour 
pressure has been measured by Hickman et al. 
(Ind. Eng. Chem. [Anal.], 1937, 9, 264) who 
deduced 21,400 g. cal. per mol. as the heat 
of vaporisation between 50-1 00°o. Ambler 
(J.S.C.I. 1936, 66, 291t) records the heat of 
combustion and formation. The preparation 
of di-5cc.-butyl phthalate is described along con- 
ventional hnes m U S.P. 1848165, but a good 
yield is also claimed by the addition of 2- butene 
to phthalic acid at 97°c. in the presence of boron 
tnfluoride (Amor, Chem. Abstr. 1939, 33, 5806). 
Many other alkyl phthalates are described in the 
patent literature and include butyl hexyl phtha- 
late (U.S.P. 2384537) ; di-2-butyloctyl phthalate 
(U.S.P. 2014310) ; di-2-ethylbutyl phthalate 
(U.S.P. 1972579); di-sec. -hexyl, -heptyl, and 
-octyl phthalates (U.S.P. 1949093) ; higher alkyl 
phthalates (U.S.P. 2015077 ; 2015088 ; 2166934). 

Esters from cyclic alcohols include di-cyeZo- 
pentyl phthalate (U.S.P. 2237729) ; eyeZohexyl 
alkyl phthalates (U S.P. 1543393 ; 1689761 and 
2) ; di-hexahydrobenzyl phthalate (U.S.P. 
2047663) ; bomyl and fenchyl phthalates (U.S.P. 
2011707). The preparation of alkyl phthalyl 
alkyl glycollates of general formula 


r^^COOCHgCOOR 


COOR' 


is desenbed in U.S.P. 2073937 and 2120765. 
Phthalates made from glycols and glycol ethers 
are desenbed in U.S.P. 1706639 ; 1786404 ; 
1946202; 2013318; 2386443; B.P. 410797; 
564196. Aryl and alkyl aryl phthalates are 
described m U.S.P. 1700960 ; 1899919 ; 1989699 ; 
1939217; 1984283 and 4; 2079487 ; 2378753. 
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Phthalates made from aliphatic nitro alcohols 
are described in U.S.P. 2161652; 2274668. 
Diallyl phthalato has found some special uses, 
especially m the production of polymerising 
thermo-settmg resms (U.S.P. 2377095 and 
2311327), as a plasticiser and softener in syn- 
thetic rubber mixes (U.S.P. 2380184), and as a 
plasticiser and modifier in the polymerisation of 
styrene (U.S P. 2159008). 

Fhthalyl Chloride exists m two isomeric forms. 



COCl 

COCI 


I. 



The symmetrical chloride (I) is formed by the 
action of phosphorus pontachloride on phthalic 
anhydride (Auger, Ann. Chim. Phys. 1891, [vi], 
22, 295 ; Ott, Org Syntheses, Coll. Vol. II, 
p. 528) or by thionyl chloride in the presence of 
zinc chloride (Kyrides, J. Amer. Chem. Soc. 
1937, 59, 206). The first reagent gives a yield of 
about 92% and the latter a yield of approxi- 
mately 100% with a conversion of 86%. The 
structure of this chloride is based upon physical 
measurements and its ultra-violet light absorp- 
tion (Scheiber, Ber. 1912, 45, 2352) It melts at 
16-16°o, and [boils at 276*7°c. (Ott, Annalen, 
1912, 392, 245). It is an excellent reagent for 
making acid chlorides (Kyrides, l,c.). 

The symmetrical chloride is converted by 
aluminium chloride to (IE), m.p. 88-89°, bp. 
275 2°/719-8 mm. (Ott, ibid. 1912, 392, 274; 
Ber. 1922, 55, 217). The equilibrium between 
these two isomers has been studied by Csanyi 
(Monatsh. 1919, 40, 81), As well as the differ- 
ence m physical properties between these two 
compounds, considerable difference is found in 
their chemical reaction. Thus (II) with methanol 
and precipitated chalk give methyl pseudo- 
phthalate. 



m.p. 63°c., which on heating gives the normal 
methyl phthalate (Kirpal, Galuschka, and 
Lassak, Ber. 1935, 68 [B], 1330). Different pro- 
ducts result also with salts of dithiocarbamic 
acids. 



COCI 

COCI 


0 CO SSC NRg 
COSSCNRa 




Both chlorides are reduced by zinc and acetic 
acid to phthalide; both, with benzene and 
aluminium chloride, give diphenylphthalide ; 
and both, with ammonia, give 2-cyanobenzoio 
acid. Excess phosphorus pentachloride on the 
phthalyl chlorides gives, respectively. 


and 

\/^COCI 



(Ott, Ber 1922,55,2108). 

Phthalyl Bromide . — The preparation and 
tautomerism are described by Davies, Hambly, 
and Semmens (J.C S. 1933, 1309). It is made 
either by the reaction of phosphonis tri- and 
penta-bromides on phthalic anhydride m sealed 
tubes, or by reaction between phthalyl chloride 
and dry hydrogen bromide. It melts at 78-81°c. 
with rapid heating, but never sharply. It is 
suggested that the crystals are of the cyclic 
form, passing over to the symmetrical structure 
when kept for a few minutes m the molten 
state, the reverse change takes place spon- 
taneously on cooling 

Phthalyl Fluoride exists only m the symmetrical 
form and can bo made by heating the sym- 
metrical phthalyl chloride with sodium fluoride ; 
it IS lachrymatory, loss readily hydrolysed than 
the chloride, and melts at 42-43°c. 


Nuclear Halogen Derivatives. 

Most of the possible halogenated phthalic acids 
and anhydrides are known and a list is given in 
the accompanying table ; 


Substituents 

Mp of 
acid, °C. 

Mp of 
anhydride. 

3-CI . . 

184 

124 

3-Br 

178 5 

131-6 

3-1 . . 

206 

153 

4-CI 

151 

97 

4.Br 

169 

107 

4-1 

182 

123 

3:4.Cl2 . 

195 

120-121 

3.4- Brj .... 

194-195 

152-163 

3.4-lsj .... 

212-213 

198-198 5 

3:6-Cl2 .... 

164 

89 

3-5-Br2 . 

198 

121-6 

3 e-cij . . 

* 

191 

3:6.Brjj . . . 

135 

207-6-208 

3:6- 1 2 .... 

— 

234-5-236-6 

4:5-Cl2 .... 

200 

185-187 

4:6- Br2 .... 

206 

208 

46-1, .... 

221-222 

216 5-217 

4.CI-6-Br . . 

205 

185 

3:4:6-Cl3 .... 

♦ 

157 

3:4:6-Cl3 .... 

* 

148 

3:4r6 or O-BFj 

190-191 

167 

4.Br-3:6-Cla . . 

169-170 

170-171 

cu . . . . . 

* 

265-257 

Br« 

268-9 

266 

1, 

325 

324-327 


* Decomposition to anhydride before melting. 
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The mono-halogen derivatives are prepared by 
the following methods : 

(1) Direct Action of the Halogen on a Solviion 
of Phthalic Acid, Usually Alkaline, — It is only 
possible to produce the 4-halogeno-phthalic 
acids in this way. Thus chlonne passed into an 
alkabne solution of phthalic acid gives 4-chloro- 
phthalic acid (Moore, Marrack, and Proud, 
J.C.S. 1921, 119, 1178 ; Aylmg, ibid, 1929, 253) ; 
a neutral solution of disodium phthalate is used 
in U S P. 2389088. Bromine and sodium hypo- 
bromite give with sodium phthalate a good yield 
of 4-bromophthalic acid (Waldmann, J. pr 
Chem. 1930, [ii], 126, 65, see also U S.P 
2211465, 2394268). Iodine in the presence of 
nitric acid yields the 4-iodo-acid (Datta and 
Chatterjee, J. Amer. Chem Soc. 1919, 41, 292) 

(2) Replacement of a Nitro Group by Chlorine, 
— This has been done using chlorine or bromine 
gas at about 240°c. to give 3- or 4-chloro-, 
trichloro-, or bromo-phthalic anhydride (B.P. 
357165) or by using phosphorus pontachlorido at 
190-200°o. (Smith, J C S. 1933, 1643). This 
reaction is apparently general. 

(3) Oxidation of the appropriately substituted 
o-xylene (e.g , 3-bromo- and 3-cliloro-phtluilic 
acids fiom 3-bromo- and 3 -chloro-o- xylenes, 
(Guaroschi, Ber 1886, 19, 135). 

(4) By use of the Sandmeyer reaction on the 
appropriate amino-phihalic acid, — This method 
18 quite general and has been much used ; see 
Endinger (J. pr. Chem. 1896, [ii], 53, 386), 
Stephens (J. Amef. Chem. Soc. 1921, 43, 1950), 
Baker (J.C.S. 1928, 2829), and Blicko and 
Smith (J. Amer. Chem Soc. 1929, 51, 1865). 

The di-halogeno-derivatives have been largely 
prepared by oxidation of the appropi lately sub- 
stituted xylenes, but Williger (Ber. 1909, 42, 
3530) showed that phthalic anhydride in fuming 
sulphuric acid could be chlorinated to give a 
mixture of di-chlorophthalic acids containing 
mostly the 3 6-derivative, a small quantity of 
the 3:4-, and very little of the 4.5-derivative. 
Separation was possible through the zinc salts 
(cf, G.P. 50177). A separation is also feasible by 
taking advantage of the different rates of an- 
hydride formation of the various dichlorophthalic 
acids (B.P. 396735). Direct chlorination of 
molten phthalic anhydride containing a little 
ferric salt can bo made to produce a mixture of 
dichlorophthalic anhydrides if the chlorination 
IS stopped when the required increase in weight 
has taken place (U.S.P. 2028383). Phthalic an- 
hydnde can also be chlorinated to the dichloro- 
derivatives by using 2 mol. of ferric chloride per 
molecule of anhydride at 300°o. (B.P. 572160) 

The tetrahalogen derivatives are formed by the 
action of the halogen at high temperatures in 
fuming sulphuric acid with or without antimony 
chloride (Gnehm, Annalen, 1887, 238, 320; 
Rupps, Ber. 1896, 29, 1630 ; Pratt and Perkins, 
J. Amer. Chem. Soc. 1918, 40, 203; G.P 
32564; 50177). A more convenient method of 
production is to chlorinate molten phthalic an- 
hydride with gaseous chlorine in the presence of 
a little ferric salt at a temperature rising from 
160® to 260°o. until the required increase in 
weight takes place (U.S P. 2028383). Chlorina- 
tion beyond this required increase m weight 
gives rise to the formation of hexachlorobenzono 


(Dvornikoff, Sheets, and Zienty, J. Amer. 
Chem. Soc. 1946, 68, 142). 

Esters of chlorophthalic acids containing two 
to four chlonne atoms and made from alcohols 
contaimng less than six carbon atoms have been 
suggested as plasticisers for polystyrene, cellu- 
lose esters, and other polymers (B.P. 576136). 
Both the dichloro- and the tetrachloro- phthabc 
anhydndes are available commercially in the 
U.S A., and find use as mtermediates for dye- 
stuffs and alkyd resms of special properties. 

Nitrophthalic Acids. 

Both phthalic acid and phthalic anhydride can 
be nitrated with fuming nitric and sulphuric 
acids to give a mixture of 3-nitro- and 4-nitro- 
phthalic anhydride (Miller, Annalen, 1881, 208, 
223 , Bogort and Boroschek, J. Amer. Chem. 
Soc. 1901, 23, 743; Kenner and Mathews, 
J C S. 1914, 105, 2476 ; Lawrance, J. Amer 
Chem Soc. 1920, 42, 1872; Ilayashi and 
Kawasaki, J. Soc. Chem. Ind Japan, 1933, 36, 
Suppl. binding, 121). Detailed laboratory m- 
structions are given m Organic Syntheses, Coll 
Vol. I, 2nd ed , p. 408. Approximately equal 
quantities of both the 3- and 4-nitroanhydrido 
are foimed and are separated by converting to 
the acids, washing well with water to dissolve 
most of the 4-nitrophthahc acid and crystal- 
lising the 3-nitrophthalio acid from water. Some 
variations in this method have been proposed by 
Littmann, who also claims glacial acetic acid as 
a better solvent than water for crystallisation 
(J. Amer. Chem. Soc 1925, 47, 1980; U S P. 
1549885). The acids are easily and quanti- 
tatively converted to the respective anhydrides 
either by heating alone or by refluxing with 
excess acetic acid at 100®c. With concentrated 
nitric acid and boron trifluorido, phthalic an- 
hydride gives a yield of 81% of the 3-nitro- 
phthahe acid (Thomas, Anzilotti, and Hennion, 
Ind. Eng. Chem 1940, 32, 408). 

3-Nitrophthahc anhydride has been used for 
the characterisation of alcohols and mercaptans 
(Nicolet and Sacks, J. Amer. Chem. Soc. 1925, 
47, 2348 ; Werthoim, ibid 1929, 51, 3661). 

Melting-points of the nitrophthalic acids and 
anhydrides are as follows : 3-nitro-acid, 218®c. ; 

3 - nitro -anhydride, 164®c. ; 4-nitro-acid, 165°o. ; 

4- iiitro -anhydride, 119°o. 

Sulphophthalic Acids. 

4:’Sulphophthalic anhydride can be prepared by 
heating phthalic acid or anhydride with four 
times its weight of fuming sulphuric acid at 
215®c. (Senderens and Aboulenc, Compt. rend. 
1928, 186, 1497), by passing sulphur trioxide into 
phthalic anhydride for 66 hours at 190-210®c. 
(Waldmann and Schwenk, Annalen, 1931, 487, 
287), or by the action of sulphur trioxide on 
phthahe anhydride under pressure (G.P. 572962 ; 
578724) 4- Sulphophthalic acid crystallises from 
water with 1 mol. of water of crystallisation, has 
m.p. 138-140°c., and yields 4-hydroxyphthahc 
acid when fused with sodium hydroxide at 220°c. 
3*5-Disulphophthalic acid is obtained by the 
action of oleum on phthahe anhydride (B.P. 
18221) or on 3-sulphophthahc acid (Lauor, J. pr. 
Chem. 1933, [li], 138, 81). The presence of 



PHTHALIC ACID. 


615 


mercury increases the production of disulphonic 
acid formed under most conditions of sulphona* 
tion. 


Imide, Amides, and Nitrile. 

Phthalimide, 



is best prepared in the laboratory in 95-97% 
yield by heating phthahc anhydride with excess 
concentrated ammonia solution or ammonium 
carbonate to a temperature of about 300°c. The 
product IS nearly pure, m.p. 232-235® (Organic 
Syntheses, Coll Vol I, 2nd ed., p. 457). The 
same method is used industrially with or without 
pressure. Continuous production has been sug- 
gested, by the catalytic vapour-phase oxidation 
of 1-nitronaphthalene (B P. 183044) or of naph- 
thalene in the presence of ammonia (U S.P 
1450078 ; for purification see U.S P. 1914723). 

Phthalimide forms needles from water, prisms 
from acetic acid, and leaflets by sublimation 
It melts at 233-235®c , is soluble m hot acetic 
acid, insoluble in benzene and light petroleum 

Phthalimide is acidic in nature (-K’=5xl0“®) 
and forms a potassium salt with potassium 
hydroxide. The reaction of this potassium salt 
with alkyl chlorides, aryl chlorides, and other 
cliloro compounds allows the preparation of 
many N -substituted •phthahmides {see, inter 
aha, Sorensen, Z. physiol Chem. 1905, 44, 448 ; 
Organic Syntheses, Coll. Vol. II, p 83). 

Use IS made of this acidic nature of phthah- 
mido in the Gabriel synthesis of primary aminos, 
in which the N -alkyl phthahmides are hydrolysed 
by boiling aqueous potassium hydroxide to 
alkylamine and potassium phthalate, 


CO CO 



The method can be used for the preparation 
of amino acids, giving good yields of high-punty 
material; thus using chloroacetic acid, glycine 
can be prepared. In place of potassium 
hydroxide for the hydrolysis, hydrazine hydrate 
can be advantageously used in many cases (Ing 
and Manske, J.C.S. 1926, 2349) and this method 
has found especial use m synthesis of anti- 
malarial substances (Robinson et al., ibid. 1934, 
1524 ; 1943, 555 ; Barber and Wragg, Nature, 
1946,168,514). * 

With cold aqueous sodium hydroxide, phthali- 
mide yields the sodium salt of phthalamic acid 
?md subsequent acidification hberates the free 


phthalamic acid. Anthranihc acid is formed in 
good yield by the action of sodium hypochlorite 
on phthalimide m alkalme solution at 80°c. ; the 
phthalamic acid first formed undergoes the Hof- 
mann reaction 



NaOH 


r'^'^COON 

CONH 


a 

2 


NaOCI 



This reaction is the first stage in the Heumann 
synthesis of mdigo. 

Phthalamic Acid, 


f^^COOH 
CONH, 


18 prepared in 94% yield by adding phthalic 
anhydride to warm ammonium hydroxide, 
coohng to give crystalline ammonium phthala- 
mate and acidification of this salt with dilute 
hydrochloric acid. Phthalamic acid molts at 
149® with loss of water to give phthalimide It 
is moderately soluble m hot water. 

Phthalamide, 


O CONHg 

CONH2 

can be prepared by the reaction of phthalimide 
in the cold with concentrated ammonia solution. 
It melts with slow heating at 212-220° to give 
ammonia and phthalimide. It is sparingly 
soluble in water and in alcohol. 

Phthalonitnle, 



formerly prepared by the use of the Sandmeyer 
reaction, is now made on both laboratory and 
industrial scale by the dehydration of phthala- 
mide with phosphorus tri- or oxy- chloride, or 
toluenesulphonyl chloride (Swiss P. 202545; 
U.S.P. 2387435) or with phosgene in the presence 
of a tertiary base such as pyridine (B.P. 441399), 
or at 485-490® in the presence of ammonia (B.P. 
413639). Reaction of phthalic anhydride and 
ammonia over a suitable catalyst (aluminium 
phosphate, magnesium silicate, etc.) at high 
temperatures for a short time provides another 
process for manufacture (F.P. 847296; U.S.P. 
2149280; 2232836). 

Phthalonitrile forms odourless needles, m.p. 
140®, IS volatile in steam and can be distiUed. 
It IS the raw material for manufacture of the 
phthalocyanines. 
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Aldehydes. 

Phthalaldehyde, 

0 CHO 
CHO 


is prepared by refluxing co-tetrabromo-o-xylene 
with potassium oxalate in aqueous alcohol 
(Thiele and Gunther, Annalen, 1906, 347, 107). 
It may also bo prepared, together with iso- 
phthalaldehyde, by the action of chloroform and 
potassium hydroxide on benzaldehyde, followed 
by hydrolysis of the intermediate products 
formed (Chaudhun, J. Amer. Chem. Soc. 1942, 
64, 315). The aldehyde, yellow needles, m.p 
50-67°, IS soluble in water and in most organic 
solvents except light petroleum It is volatile 
m steam and yields a biaphenylhydrazone, m.p. 
190-191°. 

Phthalaldehydic Acid, 


COOH 


may be prepared fiom naphthalene by oxida- 
tion with alkaline permanganate; yield, 38% 
(Organic Syntheses, Coll. Vol. II, 1943, p 523) 
Alternatively, it may be prepared m 65-68% 
yield by the broraination of phthalide, followed 
by the hydrolysis of the 2-bromophthalide thus 
formed (Organic Syntheses, 1943, 23, 74). The 
acid crystallises from water as leaflets, mp 
98-99°, it IS soluble in alcohol and in ether. It 
reduces ammoniaoal silver nitrate solution and 
on heating to 240-250° it is converted to diphtha- 
lidyl ether. Semicarbazone, m.p. 202°, phenyl- 
hydrazone, m.p. 106°o. 

woPHTHALIC ACID, 



t5oPhthalic acid can be prepared by oxidation 
of m-xylene with potassium permanganate or 
with chromic acid, but better yields are obtained 
if the w-xylene is first converted into the di- 
bromide by bromination at 126°c. , this is then 
cither treated with hot alcoholic potassium 
hydroxide (Kipping, Ber. 1888, 21, 46) or with 
sodium acetate (Williger, Annalen, 1893, 276, 
256) to give the diol or diacetate, which is finally 
oxidised. Ullmann and Uzbachian (Ber. 1903, 
36, 1798) describe the oxidation of m-xylene 
itself with calcium permanganate. Several 
other syntheses of the acid are known. 

Physical Properties . — Slender needles from 
water, m.p. 348*6°c. Subhmes unchanged. One 
part soluble in 7,800 parts of water at 25°o. and 
in 460 parts at 100°c. Easily soluble in alcohol. 

Chemical Properties . — ^When heated, sublimes 
unchanged (differing from o-phthahe acid). 
However, on heating with acetic anhydride to 
200°o., it gives a polymeric anhydride, wWch is 


non-volatile, insoluble in water and decomposed 
by heat (Bucher and Slade, J. Amer. Chom. Soc. 
1909, 31, 1319). Reduction with sodium amal- 
gam yields a mixture of tetrahydroi5ophthahc 
acids. 

Characterisation and Determination. — Di- 
phenyl ester, m.p. 120°c. ; p-mtrobenzyl ester, 
m.p. 202 6°c. ; phenacyl ester, m.p. 191°o. ; 
chloride and dimethyl ester are also character- 
istic. 

Hydroi^ophthallc Acids. — See Perkin and 
Pickles (J.C.S. 1905, 87, 293); Perkin and 
Goodwm (ibid. 841) , and Baeyer and Villigor 
(Annalen, 1893, 276, 255). 

Esters. — Dimethyl ester, m.p. 67-68°c., b.p. 
124°/12 mm. Diethyl ester, m p. ll*5°c , b p. 
170°/24 mm. Methyl hydrogen ester exists 
in two forms, m.p. 193°o. and 167-169°c. 
Ethyl hydrogen ester, m.p. 115-117°c. 

woPhthalyl Chloride, m.p. 43-44°c., b.p 
276°c. is formed by the action of phosphorus 
pentachloride or acetyl chloride on the acid 

Chloroisophthalic Acids are prepared by 
oxidation of the suitably substituted xylenes 
or by the Sandmeyer reaction. Chlorination of 
the acid m the presence of sulphuric acid at a 
high temperature gives much hexachlorobenzene 
and not much of the tet^achlo^o^5ophthallc acid. 
Melting-points of known chloro-acids are as 
follows : 4-chloro-, 294 5°o ; 6-chloro-, 278°c. ; 
4:6-dichloro-, 280°o. ; tetrachloro-, 267-269°c 
Several other halogen-substituted tsophthalic 
acids are known, melting-points being as fol- 
lows: 4-bromo-, 283°c ; tetrabromo-, 288- 
292°c. ; 2-iodo-, 236-238°o. ; 4-iodo-, 269°c. , 
6-iodo-, 288-289°c. ; and 'tetraiodo-, 315-320°o. 

Nitro-Com pounds. — Direct nitration of iso- 
phthalic acid with concentrated nitric acid at 
30°c gives mostly 6-nitro- and a little 4-nitro- 
i5ophthahc acids The 2-nitro- and 4-nitro- 
t5ophthalic acids are prepared by oxidation of 
the corresponding mtro-w-xylenes with alkahne 
permanganate ; melting-points of the throe nitro 
acids are as follows : 2-nitro-, 315°c. ; 4-nitro-, 
258-259°0. ; 6-nitro-, 248-249°0. 

Sulphoesophthalic Acids. — ^Direct sulphon- 
tion gives chiefly 6-sulphoi5ophthahc acid (i c., 
meta to —COOH), m.p. 243-244°o. 

t5oPhthalaldehyde is prepared m good yield 
by either boding cu-tetrabromo-m-xylene with 
potassium oxalate in aqueous alcohol (Thiele 
and Gunther, Annalen, 1906, 347, 109) or by 
the catalytic reduction of isophtWyl chloride 
(Rosenmund, Ber. 1921, 54 [B], 2888). The 
aldehyde forms colourless silky needles, m.p. 
89 5°c., and gives a bisphenylhydrazone, m.p. 
242-246°0. 


TEREPHTHALTC ACID, 

COOH 



Terephthalio acid is formed by the oxidation 
of most derivatives of benzene having carbon 
chains in the para position. Baeyer describes 
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oxidation with alkaline permanganate of the di- 
acetate prepared from dibromo-p-xylone and 
potassium acetate m absolute alcohol (Annalen, 

1888, 245, 139). Like the t^o-acid, terephthahc 
acid has not been available commercially up to 
the present, but the recent discovery of “ Tery- 
leney' which shows the condensation product of 
terephthahc acid and ethylene glycol to be a 
promising polymer for textile use, may fore- 
shadow the large-scale production of this acid. 

Physical Properties. — Terephthahc acid sub- 
limes without melting at 300°o. One part is 
soluble in 67,000 parts of water and it is also 
sparingly soluble m alcohol, acetic acid, ether, 
and chloroform 

Chemical Properties. — Like the t^o-acid, tere- 
phthalic acid yields a polymeric non-volatile an- 
hydride when heated with acetic anhydride at 
200°o. with a solution of a copper salt. In the 
presence of pyridine, terephthahc acid gives a 
copious white precipitate, enabling this acid to 
be detected in the presence of the other isomeric 
phthahe acids (Ripan, Bull. Soc. Stiinte Cluj, 
1927, 3, 308). I 

Characterisation and Determination — The cal- 
(lum, baiium, and strontium salts are all fairly 
insoluble, 1 part of the barium salt being dis- 
solved by 355 paits water at 5°o. The copper 
complex mentioned above gives a convenient 
means of detecting down to 2 mg. Convenient 
derivatives are the diphenyl ester, m.p 192 2°o ; 
P’mtr obenzyl ester, m p. 263 5°o., and also the 
dimethyl and diethyl esters. 

Hydroterephthalic Acids. — All the pos- 
sible hydro terephthahc acids have been investi- 
gated by Baeyer (Annalen, 1888, 245 , 142; 

1889, 251 , 257; 1890, 258 , 32, 1892, 269 , 
148). 

Esters . — The dimethyl ester forms needles or 
plates, m p. 140°c. ; the diethyl ester forms long 
prisms, m p. 43 2°o , b p. 302° and 142°/2mm. 

Terephthalyl Chloride is formed by the 
action of phosphorus tri- or oxy-chloride on the 
acid, and exists as needles, m p. 77-78°o., b.p 
259°0. This chloride with alkaline hydrogen 
peroxide gives the sodium salt of dipeiterc- 
phthalic acid. 

.Chloroterephthalic Acids. — Because of the 
ease with which terephthahc acid is converted 
to hexachlorobonzene by direct chlorination, 
monochloro-, dichloro-, and tetrachloro-tere- 
phthalic acids are best prepared by oxidation of 
the corresponding chlorinated xylenes or from 
the aminoterephthahc acids by the Sandmeyer 
reaction. Melting-points of known chlorotere- 
phthahe acids are as follows ; monochloro-, 
300°c. ; 2:5-dichloro-, 306°--306 5°c. ; tetra- 
chloro-, 279-281°c. Other halogen derivatives 
known are : 2-iodo-, m.p. 274-276°c. , 2-bromo-, 
m.p. 301-303°c. ; 2:5-dibromo-, m.p. 316-317°o.; 
tetrabromo-, m.p. about 300°c. ; and tetraiodo-, 
m.p. 315--320°c. 

NItroterephthalic Acids.— Nitration of tere- 
phthahc acids with a mixture of nitric and sul- 
phuric acids gives nitro terephthahc acid, m.p 
262-263°c., which has also been obtamed by the 
oxidation of nitro-j^-xylene. Treatment of this 
nitro -acid with fuming nitric and fummg sul- 
phuric acids at 180-190°c. yields 2;6-dmitro- 
terephthahe acid, m.p. 265°c. Oxidation of the 


appropriate dinitro-p-xylenes has given 2:3- 
dmitroterephthahc acid, m.p. about 290°o., and 
the 2 5-dmitroterephthahc acid, m.p. about 
280°o. 

Sulphoterephthallc Acid. — Fuming sul- 
phuric acid at 250-260°c. in a sealed tube 
gives sulphoterephthallc acid, a hygroscopic 
solid. 

Terephthaialdehyde, m.p. 116°o., b.p. 245- 
248°c , can be prepared by either of the methods 
described under isophthalaldehy do It is so lublo 
in alkalis and is reprecipitated unchanged fiom 
the resulting solution. It can bo sublimed, but 
IS not very volatile m steam. 

J. W. B. 

PHTHALOCYANINES. The dehydra- 
tion products of the diamides of o-phthahe acids 
combine, in many cases very readily, with metals 
and salts of metals, to yield a series of highly 
coloured blue to green tetrabonztetraaza-por- 
phins which have been named the Phthalo- 
cyanmes. 

PllErAKATlON. 

1. The most general method by which these 
substances may be obtained is by the interaction 
of a metal or metal salt with aromatic o- 
dmitriles (Linstead and Lowe, J.C S. 1934, 
1022; c/. Dicsbach and Van dor Wcid, Helv. 
Chim. Acta, 1927, 10, 886). It is usually 
sufficient to heat the reactants together, although 
the use of diluents, e.g.y tertiary bases or acid 
amines, is sometimes useful. Alkaline “ pro- 
moters,’* c g.y sodium hydroxide, can sometimes 
bo incorporated with advantage (B.P. 538957). 
For a bivalent metal, R, the reaction takes the 
following course . 

R-f4C3H,Na=R(C8H,N2),. 

If the metal is in the combined state, the ease 
of reaction appears to depend upon the facility 
with which free metal becomes available. Thus, 
cuprous chloride and phthalonitrile below 200°c. 
give copper phthalocyanine and cupric chloride, 
but cupric chloride, on the other hand, reacts 
only above 200° when nuclear chlorination occurs 
to give copper 4-monochlorophthalocyanino. 

A somewhat analogous method for preparing 
copper phthalocyanmcs, which presumably leads 
to the formation of the o-dinitriles %n sitUy 
depends on the interaction of aromatic acid 
raononitriles or amides containing an o-chloro or 
o-bromo substituent with cuprous cyanide 
(Barrett, Dent, and Linstead, J C.S. 1936, 1726). 
Improved yields are obtained by incorporating 
metallic copper in this reaction (B.P. 498831). 
Similarly, copper phthalocyanincs can be pre- 
pared by heating aromatic o-dichloro, or o- 
chlorobromo compounds, with cuprous cyanide 
in the presence of organic nitrogenous bases 
(B.P. 490744, 490746). 

2. o-Cyanobenzamide combines with many 
metals in the fiee or combined state at tempera- 
ture of about 250° to yield metallic phthalo- 
cyanines (Byrne, Linstead, and Lowe, J.C.S. 
1934, 1017). Whether the elimination of water 
in this case accompanies or precedes the fixation 
of metals is not understood, although it seems 
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more likely to be the former, for whereas phthalo- 
nitrile and metallic antimony lead to the for- 
mation of antimony phthalocyanine, when 
metallic antimony and o-cyanobenzamide are 
heated together the product is metal-free 
phthalocyanine. The reaction between o-cyano- 
benzamide and magnesium proceeds particularly 
rapidly. 

4CeH4(CN)CONH2+Mg 

Mg(CeH4N2)4+4H,0. 


Group I. 

Group II. 

Sodium 

Beryllium. 

Potassium. 

Magnesium. 

Lithium. 

Calcium. 

Copper. 

Zinc 

Silver. 

Cadmium. 


Barium 


Mercury 

Group V. 

Group VI 

Vanadium 

Chromium 

Antimony 

Molybdenum 


Group III Group IV. 
Aluminium. Tin. 

Lead. 


Group VII. Group VIII. 
Manganese. Iron. 

Cobalt 

Nickel 

Platinum 

Palladium. 


In general, however, the reaction between o- 
cyanobcnzamide and metals and metal salts 
gives a lower yield of the phthalocyanine than 
when phthalonitnle is used. 

3. Some phthalocyanincs, e.g., magnesium, 
copper, nickel, and iron phthalocyanincs# are 
formed when ammonia is passed into a mixture 
of molten phthalimide and the metal. It was a 
chance observation of the formation of the iron 
compound by this leaction which led to the 
investigation of the group (see Linstead, thid 
1934, 1010 , B.P. 322109). By this method the 
conversion to the metal phthalocyanines is very 
poor and a somewhat analogous though much 
superior method is in the use of o-dicarboxylic 
acids or their anhydrides, amides or imides, with 
a suitable metal or metal salt and urea (B P. 
404126) or aminosulphonic acid (B P. 457780), 
dicyandiamido (B.P. 603029) or toluene 'p- 
sulphonamide. The efficiency of the “urea*’ 
method can bo still further improved by using 
catalysts, c.g^., bone acid and substances contain- 
ing the elements of the Vth or Vlth groups of the 
periodic table, e g , ammonium molybdate (B.P. 
476243). Iminophthalimidine is an intermediate 
product in this reaction. 

4. Metallic phthalocyanines, sometimes not 
obtainable in other ways, are prepared by the 
double decomposition of dilithium phthalo- 
cyanine and metallic salts. When cold absolute 
alcoholic solutions of the metal salt and dilithium 
phthalocyanine are mixed, the required metal 
phthalocyanine is formed immediately by double 
decomposition and is precipitated (Barrett, 
Frye, and Linstead, J.C.S. 1938, 1168). Silver 
and mercury phthalocyanines are among those 
made conveniently only by this method. 

6. Metal phthalocyanines can be obtained in 
many cases by treating the metal-free com- 
pounds with the appropriate metal or metal salt 
in a high-boiling organic solvent. 

Phthalocyanine itself is obtained by the elimi- 
nation of the metals from the labile metal 
phthalocyanines {see below) by treatment with, 
e g.y strong or dilute mineral acids (Byrne, Lin- 
stcad, and Lowe, ibid, 1934, 1020). Another 
method is by heating phthalonitrile with a 
variety of organic substances, e,g., acids amides 
(B.P. 457526), triethanolamine (B.P. 460649), 
or phenols, naphthols or aliphatic hydroxy com- 
pounds (B.P. 696334). In all these cases, the 
two atoms of hydrogen required for the forma- 
tion of phthalocyanine are supplied by the gross 
decomposition of the added substances. 

By one or other of the above methods, metal 
phthalocyanines representing every group in the 
periodic table and including univalent, bivalent, 
and ter valent metals, have been synthesised. 


Substituted Phthalocyanines. 

A very great number of nuclcar-substituted 
phthalocyanines have been synthesised from 
appropriately substituted phthalic acids or 
phthalonitnles by utilising one or other of the 
general methods outlined above. PhthaJo- 
cyanines containing halogeno, nitro, sulpho, 
ary], alkyl, alkoxy, aryloxy, and anthraquinonyl 
substituents may be quoted by way of example. 
The effect of substitution on the shade is in- 
variably to produce a shift towards the green. 
Other methods of preparing nuclear-substituted 
phthalocyanines are by (a) diiect halogenation, 
sulphonation, etc. (but not, however, nitration 
which leads to gross decomposition of the mole- 
cule), and (b) hy replacement of some of the 
chloro or bromo substituents in the halo- 
genated phthalocyanine by other groups, e,g , 
aryloxy (B.P. 469139), aryl, and alkylamino 
(B P. 471435). Halogenation is readily brought 
about by treating phthalocyanines with the 
halogen or a halogenating agent, such as sul- 
phury! chloride at elevated temperatures, and 
it IS possible, e.g,y by chlorinating in hot molten 
phthalic anhydride or in molten sodium 
aluminium chloride, to introduce 15-16 atoms of 
chlorine (Barrett, Bradbrook, Dent, and Lin- 
stead, J.C.S. 1939, 1824, BP. 478256, U.S.P. 
2247725). This process bungs about a con- 
siderable deepening in shade and copper hexa- 
decachlorophthalocyanine is a brilliant green 
colour. Sulphonation of phthalocyanine and of 
the stable metal derivatives to give water-soluble 
products 18 readily earned out by heating with 
about 20% oleum. The shade of the parent 
phthfiflocyanine is not changed appreciably by 
this process. 

Analogous Compounds. 

The synthesis of analogues of phthalocyanines 
in which the four benzo rings are replaced by 
heterocyclic ring systems is possible in certain 
cases, and the necessary structural conditions 
have been defined (Linstead, Noble, and Wright, 
J.C.S. 1937, 911; Bilton and Linstead, tbid. 
1937, 922). Phthalocyanine bears a remarkable 
structural relationship with the important 
natural pigments of the porphyrin series. In the 
porphyrins the links between the four pyrrole 
rings are methine ( — C H — ) ; in phthalocyanines 
they are nitrogen (see formula). Becent work 
by Linstead and by Helberger and their col- 
laborators has shown that substances of an 
intermediate type can be realised in which some 
of the links are methine and some are nitrogen, 
see Linstead, Chem. Soc. Annual Rep. 1937, 84, 
369 for a summary. 
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PROrERTIEb. 

Phthalocy anine itself is a slightly greenish-blue 
solid with a purple reflex. The metallic com- 
pounds mentioned above have generally a similar 
reflex and vary in shade from pure bright blue to 
green. They are insoluble in water and vary 
from complete insolubility to moderate solu- 
bility in solvents such as boilmg chloronaphtha- 
lene or quinoline. Some of the phthalocyanines 
are remarkably resistant to heat and sublime 
readily %n vacuo at temperatures up to 600°o. 
without decomposition ; the sublimation is pre- 
ferably carried out in an inert gas at low pres- 
sure. The phthalocyanines of the alkaline and 
alkaline-earth metals, however, do not sublime. 
The phthalocyanines also exhibit an unusual 
stability against attack by most chemical re- 
agents. They are, however, decomposed by 
acid oxidising agents {see below) and certain of 
the metal derivatives, the so-called labile metal 
phthalocyanines, readily lose their metal when 
treated with, c.(/., strong or dilute acids. These 
arc the phthalocyanines of the alkaline and 
and alkaline-earth metals and also those like 
lead and manganese the atomic radii of which 
are appreciably larger or smaller than 1 35 a. 
(the radius of the central space in the phthalo- 
cyanine molecule). 

l^SES 

The high general stability of the phthalo- 
cyanines to heat, acids, alkalis, etc , makes them 
especially valuable for use as pigments. When 
cfhciently dispersed, such as by dissolving in a 
strong acid (sulphuric acid), and reprccipitation 
by suddenly drowning the solution in water 
(c/. U.S.P. 213693; B.F. 547411), the phthalo- 
cyanines show high tinctorial strength and 
brightness combined in many cases with a high 
stability to light, acids, and alkalis. When 
efficiently dispersed, copper phthalocy anine 
Monastral Fast Bhie B”) has twice the 
tinctorial strength of Prussian Blue and 20-30 
times that of Ultramarine. Phthalocyanino 
itself (“ Monastral Fast Blue G ”) and highly 
chlorinated copper phthalocy anine (“ Monastral 
Fast Oreen G ”) have also found technical use as 
pigments. They are used in printing inks 
(“ Monastral Fast Blue B ” being particularly 
valuable as the minus red in three colour printing 
work), for paints, varnishes, and enamels, for 
plastics, paper, colouring viscose in the mass, etc. 
Various sulphonated copper phthalocyanines 
also find technical use. According to the degree 
of sulphonation the products are valuable as 
lake colours (“ Monosol Fast Blue 20S ”), direct 
cotton dyestuffs (“ Durazol Fast Blue SOS ”) 
or for dyeing and surface colouring of paper 
(“ Durazol Fast Paper Blue 1008 ”). The salts 
of the sulphonated phthalocyanines with organic 
bases (B.P. 460147), with long-chain alkyl am- 
amonium sulphonium or phosphonium bases 
(Swiss P. 807052) are useful as spirit soluble 
dyestuffs. Other phthalocyanines designed for 
dyeing textile fibres are those containing vat- 
table groups (B.P. 490017), or ammonium or 
sulphonium groups (B.P. 522293 ; 525237). The 
thiocyanophthalocyanines, the mercaptophthalo- 
cyanines and their corresponding disulphides are 


useful for dyeing cotton by the sulphur dyeing 
technique (B.P. 541146; 544953). 

Structure. 

Analysis shows that the known phthalo- 
cyanines are of the typo 

R(CgH,N2)4 or R'2(C8H4N2)4 
where R is a normally bivalent and R' a uni- 
valent atom. The assumption that the molecule 
18 of the simplest type, and contains only 1 atom 
of metal (R), has been justified experimentally 
by the ebullioscopic determinations of the mole- 
cular weight of magnesium phthalocyanine 
(Linstead and Lowe, J.C S 1934, 1051), and con- 
clusively proved by the A-ray measurements of 
J. M. Robertson (for summaries, sec Chem. Soc. 
Ann Reports, 1936, 33, 160, 214, 221). The 
reagents which yield phthalocyanine with 
phthalonitrilo give no similar products with 
terephthalonitnle, homophthalonitrilc, o-xyly- 
lene dicyanide, o-cyanocinnanionitnle and 2.2'- 
diphenonitnle. Hence it appears that the two 
nitrile groups participating in the formation of 
the complex must bo linked to adjacent carbon 
atoms of an aromatic nucleus. Phthalocyanines 
are decomposed by hot nitric acid, cold acid per- 
manganates or ccric sulphate into phthalimide 
and salts of ammonia, the fundamental reaction 
being of the type : 

(C8H4N2)4H24-7H20+0 

-4C8H502N4-4NH3 

and 

{C8H4N2)4Cu+8H20+0 

=-4C8H602N + Cu0+4NH3 

The oxidation with ccric sulphate provides a 
quantitative method for the estimation of 
phthalocyanines and it was evidence provided by 
this method that, with other evidence for which 
the original literature should be consulted, led 
to the proposal of the following formula for 
phthalocyanine (Dent, Linstead, and Lowe, 
J.C.S. 1934, 1035). 



In the metallic derivatives, the metal takes 
the place of the two hydrogen atoms carried by 
the tsoindole nitrogens, and is co-ordinated with 
the other two tsoindole nitrogen atoms to form 
chelate rings. The molecule, however, provides 
a perfect example of resonance and there is no 
actual distinction between the four woindole 
nitrogen atoms which hold the metal or hydrogen 
atoms. A complete proof of this structure has 
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been furnished by the X-ray contour diagrams 
of phthalocyanines showing the electron distri- 
bution in the molecule (Robertson, ibid, 1936, 
1195). 

The peculiar nature of the great ring is also 
shown by the magnetic anisotropy of phthalo- 
cyanme which is 16 times as great as that of 
benzene (Lonsdale, Proc. Roy. Soc. 1937, A, 
169, 149). 

The X-ray measurements also show that the 
four t^oindole nitrogen atoms and the attached 
metal atoms he in one plane and that, in the case 
of metal-free phthalocyanine, the planarity over 
the whole molecule does not vary more than a 
few hundredths of an Angstrom unit. 

With regard to the nature of the primary 
valencies holding the metal to nitrogen, these 
differ according to the type of metal involved. 
The phthalocyanines of the alkali and alkali- 
oarth metals, which are non-volatile, insoluble in 
organic solvents and which lose their metal when 
treated with acids, are true salts and thus have 
their metals bound to nitrogen by electrovalent 
linkages. Those which sublime and are soluble 
in organic solvents are the phthalocyanines 
which contain metals attached to nitrogen by 
means of co-valent linkages (Barrett, Dent, and 
Lmstead, J C S 1936, 1719). 

General, 

The phthalocyanines as a class present the 
following features of special chemical interest : 

1. Their resemblance in structure to the por- 
phyrins which are the basis of the most im- 
portant natural pigments such as those of the 
blood (hoomin) and of green leaves (chlorophyll) 
Previously the peculiar structural arrangement 
of these molecules was without parallel, 

2. The stereochemistry of the metals in the 
metallic compounds presents many features of 
interest 

3. In respect of the formation of phthalo- 
cyanine, phthalonitrile behaves as a pseudo acid 
with the property of being able to dissolve (and 
combine with) metals without liberation of 
hydrogen. 

4. About thirty-nine of the metallic phthalo- 
cyanines have been found to be effective as 
catalysts in certain oxidation reactions. Iron 
phthalocyanine is generally outstanding. 
Examples are provided by the oxidation of 
benzaldehyde to benzoic acid with air and iron 
phthalocyanine, diphenylraethane to benzo- 
phenone (Cook, ibid, 1938, 1761, 1768), and the 
chemiluminescent oxidation of the Luminals. 

N. H. H and R, P. L 

PICROROCELLI N, a colourless, crystal- 
line bitter substance, was isolated by Stenhouse 
and Groves (Annalen, 1877, 185, 14) from 
Roccella fuciformis, Forster and Saville (J.C.S. 
1922, 121, 816) find that picrorocellm has the 
composition C20H22O4N2, and melts between 
190° and 220° according to the rate of heatmg. 
By the action of aqueous sodium hydroxide, or 
at the meltmg-pomt, anhydropicrorocellin, 
C20H20O3N2, m.p. 155°, IS produced, and this 
by longer heating passes to xanthorocelhn, 
Ci«Hie02N2, m.p. 184°. These reactions in- 
volve the successive loss of water and methyl 
alcohol. 


Xanthorocellin, when oxidised with nitric 
acid, yields benzaldehyde, benzoic and p- 
nitrobenzoic acids, together with a sparingly 
soluble, colourless substance, C5H4O4N2, which 
at 300° sublimes with some decomposition. It 
IS apparently the 2:3:5*6-tetraketo-I-methyl- 
piperazme previously described by Dubsky (Ber. 
1916, 49, 1039; 1919, 52 [B], 216). Methyl- 
xanthorocellin, m.p. 143°, oxidised in a similar 
manner, yields a compound, CQHg04N2, 
evidently 2:3 5:6-tetraketo-l:4-dimethylpiper- 
azine. Methylxanthorocellm is thus 2 5-diketo- 
3.6-dibenzylidene-l 4-dimethylpiperazine, and 
this conclusion has been confirmed by synthesis 
Xanthorocellin is accordingly 2:5-diketo-3:6- 
dibenzylidene- 1 -methylpiperazme. 

In picrorocellm itself : 

CHPh(OMe) CH NMe CO 

do - NH CH CHPh OH 

the position (1 or 4) of the N -methyl group is 
uncertain, but in all other respects the formula 
given explains the behaviour of the substance 
and its conversion into anhydropicrorocellm : 

CHPh(OMe) CH NMe CO 

CO NH C.CHPh 

at the melting-point. 

E. J. C. 

PICROTOXIN. A bitter, poisonous, 
crystalline constituent of Cocculus indicus (also 
known as the Levant nut) which i§ the small 
berry-liko fruit of Anamirta paniculata (Cole- 
brooks), a climbing shrub of Eastern India and 
the Malayan Islands. It is used as a drug in 
India, the physiological reaction being similar 
to that of strychnine and allied neurophilio 
drugs, and its pov er of stupefying fish is well- 
known 

The pericarp of the small black fruit contains 
no picrotoxm; it occurs m the seeds to the 
extent of 0*4-1 -0% and was discovered in 1812 
by Boullay (J. Pharm. Chim. 1812, [1], 4, 5). 

Picrotoxm may be extracted according to the 
method of Barth (J. pr. Chem. 1864, [1], 91, 
166; J.C.S. 1863, 16, 686) and Barth and 
Kretschy (Monatsh 1880, 1, 98). The crushed 
seeds are extracted with alcohol, the liquors 
evaporated and the fatty residue boiled with 
water, or the seeds may be extracted directly 
with hot water. The hot aqueous solution is 
treated with a solution of lead acetate, filtered, 
excess lead removed by hydrogen sulphide and 
concentrated. Impure picrotoxin crystallises 
out, and is puntied by recrystallisations from 
water or alcohol giving rhombic prisms, m.p 
198-200°c., very soluble in hot water, alcohol, 
and benzene and sparmgly so in ether and 
chloroform (^ee also Meyer and Bruger, Ber 
1898, 31, 2958). A method of extraction using 
alcohol as the solvent, obviating the use of lead 
acetate and claimed as supenor to previous 
methods, is described by Clark (J. Amer. Chem. 
Soc. 1935, 57, nil). 

Picrotoxm is a molecular compound of the 
two diLActones picrotoxinin, CigH^gOg (approxi- 
mately 60%) and picrotin, C15K23O7 (approxi- 
mately 40%) ; Bakunin and Giordani (Rend. 
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Accad. Sci. Fis. Mat. Napoli, 1924, [iii], 30, 166) 
who give references to the earher views on the 
nature of the complex. 

Addition of bromine water to a hot aqueous 
solution of picrotoxm precipitates monobromo- 
picrotoxinin, needles, m.p. 259-260°c. Evapora- 
tion of the filtrate gives picrotin, purified by 
repeated extraction with small amounts of hot 
chloroform and recrystalhsation from water 
(Meyer and Bruger Ber. 1898, 31, 2968), as small 
felted needles, m.p. 248-250°c., readily soluble 
in absolute alcohol, and acetic acid, but sparingly 
so in ether, chloroform, and benzene. 

Picrotoxinin is obtained by reduction of mono- 
bromopicrotoxinin with zinc and acetic acid, as 
rhombic prisms, CigHiQOgjHgO, which become 
anhydrous at 100°o. and melt at 200-201°o. It 
IS readily soluble in hot water, benzene, alcohol, 
ether, and chloroform. 

Picrotm and picrotoxmin are very bitter, but 
only the latter is toxic (Christoni, Arch farm, 
sperim. 1933, 12, 385). 

When subjected to the action of boiling 
hydriodic acid and red phosphorus (Angelico, 
Gazzetta, 1911, ii, 41, 337) picrotoxinin and 
picrotm give rise to picrotic acid, Ci 5 Hiq 04 
(Oghaloro, ibid. 1891, n, 21, 213) and a ketone, 
^14^^1o03» called picrotone by Mercer and 
Robertson (J.C.S. 1936, 288), thus mdicatmg 
the possibility of the same carbon skeleton in 
both dilactones. This conclusion is supported 
by the formation of the same chloroketone, 
C14H15O3CI, from picrotoxinin and picrotm 
with hydrochloric acid at 180°o. (Angelico, Atti 
R. Accad. Lmcei, 1910, [1], 19, 473). 

Oxidation of picrotic acid (Angelico, Gazzetta, 
1911, n, 41, 337) gives a dibasic acid, C12H12O7, 
apparently identical with an acid, 

subsequently obtained by the same author 
(ibid. 1912, n, 42, 540) from picrotone and to 
which was ascribed structure (I). 

By the oxidation of picrotoxinin and piciotin, 
Hansen (Ber. 1933, 66 [B], 860) obtained a 
phthalic acid, C^gHioOe* which had the 
properties of Angehco’s acid and gave a mono- 
basic acid, CiiHio 04, on further degradation. 
Decarboxylation of the latter yielded aa-di- 
methylphthalide. 

Structure (I) was dofimtely proved for the acid, 
C12H10O3, by Mercer, Robertson, and Cahn 
(J.C S. 1935, 997), thus apparently demon- 
stratmg the presence of the aa-dimethylphthahde 
residue in picrotic acid. 

Picrotio acid contains a side cham, 

'-C3HeC02H “ 

(Horrmann, Ber. 1916, 49, 2107), but the posi- 
tion of the carboxyl group was not determmed. 
Hydrolytic fission of picrotic acid yields acetone 
and a dibasic acid, 612^*1404, wMch was con- 
sidered to retain the side cham (Angehco and 
Montforte, Gazzetta, 1923, 63, 800). Mercer, 
Robertson, and Cahn (l.c,) have conclusively 
demonstrated that formula (II) represents 
picrotic acid. 

The constitution of picrotone has been studied 
by Angelico (ibid* 1911, n, 41, 343 ; 1912, n. 


48, 640), Horrmann and Bischof (Arch. Pharm. 
1921, 259, 166). The evidence of these authors 
taken m conjunction with the constitution of 
picrotic acid (Mercer, Robertson, and Cahn, lx*), 
clearly establishes the constitution of picrotone 
as (III) (Mercer and Robertson, J.C.S. 1936, 
288). 

Hydration of picrotm, Horrmanrt (Annalen, 
1916, 411, 273) gives a-picrotinic acid, CigHgoOg. 
Boiling the latter with 26% sulphuric acid 
(Angehco, Gazzetta, 1910, i, 40, 391) produces 
an a-ketol, Ci4HiQ04, picrotonol (Mercer and 
Robertson, I c)* Oxidation of picrotonol (Horr- 
mann and Hagendorn, Arch Pharm 1921, 269, 
7 ; Mercer and Robertson, l.c.) gives an acid, 
C13H14O4, which on decarboxylation yields the 
tetramethylphthalide (IV) identical with a 
specimen derived from picrotone. 

Fission of the acid, C13H14O4, with 60% 
potassium hydroxide produces acetone and a 
dibasic acid, C1QH1QO4, identified as 6-methyl- 
homophthalic acid. The structure of the acid, 
C13H14O4, is thus (V) and that of picrotonol 

(VI) . 

Picrotoxmm, and picrotoxio acid, CjL5Hjg07, a 
monohydration product, contam one double 
bond. Hormann and his collaborators (Ber. 
1916, 49, 1564 ; Arch. Pharm. 1920, 268, 200) 
mamtamed that ozonolysis of picrotoxinin and 
picrotoxic acid produced only picrotoxinone, 
C14HJ4O7, and picrotoxinonic acid, Ci4HiQOg, 
respectively, plus formic acrd. 

Mercer and Robertson (l.c.) have identified 
formaldehyde as a product of ozonolysis thus 
indicating that the double bond is present as a 
vmyl group. This double bond is not concerned 
in the conversion of picrotoxinin into picrotoxio 
acid (Horrmann et al., Ber. 1916, 49, 1664; 
Arch, Pharm. 1920, 258, 200; Mercer and 
Robertson, l.c.)* 

As a moans of locating the double bond, 
picrotoxinone was converted mto an aromatic 
system (Harland and Robertson, J C.S. 1939, 
937) analogous to the formation of picrotic acid 
from picrotoxinin. Reduction of the carbonyl 
group of picrotoxinone, with boilmg hydriodic 
acid and phosphorus, yields a phenolic ketone, 
^13 HieOg, m.p. 189°o. ; norpicrotic acid, 
C14H1QO4, m p. 113°c. ; and hydroxyvor- 
picrotic acid, C14H13O5, m.p. 213®o. Reduction 
of the phenolic ketone produces a phenol, 
CisHjsO, m.p. 66°c., identified by synthesis as 
l-methyl-4-ethyl-5:6:7:8 - tetrahydro - j3-naphthol 

(VII) . 

Picrotoxinin is probably related to the 
sesquiterpenes of the cadinene group, and con- 
tains the same carbon skeleton (Slercer and 
Robertson, l.c. ; Harland and Robertson, J.C.S. 
1939, 937). On this assumption, picrotoxinin is 
represented by the partial formula (VIII) and 
the position of the double bond is fixed as shown. 

Thus the lactone rmg system which appears in 
the aa-dimethylphthahde fragment of picrotone, 
picrotonol, and picrotoxic acid is an artefact 
arismg by the hydration of the tsopropyhdene 
residue with subsequent lactomsation. Nor- 
picrotic acid is represented as (IX), and hydroxy- 
norpicrotic acid as (X), and, m agreement with 
these structures, fission with potassium hydr- 
oxide does not produce acetone. 



622 


PICROTOXIN. 


CO^H 


MejC- 


,C02H 


CO 



Me 


j[CH2l, CO2H 
CO 

MCjC (3 

(Picrotic Acid) (]I) 


P. HI 

J^icrotin. 

-I H2O 

a-pKTotinic Acid. 

1 h 2S04 




(0 


/ 


\ 


\ 


Me 


"^CHg CO Me 



Me 


(CHgCOCHgOH 


CO 


MejC 


(Picrotonol) (VI). 
Me 




Picrotoxin. 


CO 

I I 

MejC O 

(Picrotone) (ITl) 

t 

P. HI 
Me 

I 

C C 

oc"^ ^c^ ^co 

I I I 

c c c 

c 

I 

MeC CHa 

(Picrotoxinm) (VITI). 


CO "co 




Pkto toxic Acid 

1 °’ 

Picrotoxinonic Acid. 


Me 


fCHala-COaH 


CO 


Picrotoxinono. 
P,HI 


Me CH — O 

(Norpicrotic Acid) (TX). 

Me 

HOr^NrCHjlaCOjH 


CO --- 

MeCH — O 

(Hydroxy norpicrotic Acid) (X). 


Ci3 Ketone. 


Me CH 


2 


"\CH, 




^CH- 


CKa 


(VII). 



PIGMENTS AND LAKES. 


623 


a-Picrotoxinic acid also has an ethylenic 
linkage present in an t«opropybdene system, 
smce on ozonolysis it yields a product which 
on bemg boiled With hydnodic acid and phos- 
phorus gives rise to the ketone, and 

nor- and hydroxynor-picrotic acid (O’Donnell, 
Robertson, and Harland, ibid, 1939, 1261) 

The hydrogenation of picrotoxmm also has 
been studied intensively by these authors (I c,) 
as they wore unable to confirm the results of the 
work of Mercer and Robertson (/.c.). Picro- 
toxmin IS readily hydrogenated, using a platinum 
catalyst, to a-dihydropicrotoxmm (Mercer and 
Robertson, I c ; Tettweiler and Drishaus, 
Annalen, 1935, 620, 163). Warming this hydro- 
genated picrotoxinm with 6% sulphuric acid 
causes quantitative conversion to dihydro- 
picrotoxic acid, identical with a specimen pre- 
pared from picrotoxic acid in glacial acetic acid 
using a palladium catalyst. The reduction of 
picrotoxinm in ethyl acetate solution with a 
palladium catalyst may give exclusively j8- 
dihydropicrotoxinin, which has not been 
hydrated, or a mixture probably contaming a- 
and j3-dihydropicrotoxinm and a neutral com- 
pound, which pfoduces picrotonol on boiling 
with dilute sulphuric acid. 

Reduction of picrotoxmin with a palladium 
catalyst m alcohol containing a little hydro- 
chloric acid gives a mixture of at least three 
compounds (Mercer and Robertson, J.C.S. 1936, 
288). Treatment of this mixture with dilute 
sulphuric acid gives dihydropicrotoxic acid and 
picrotonol — the first recorded production of the 
latter from picrotoxmm. 

W. B. W. 

PIGMENTS AND LAKES. (Latin 
mentum from pingeref to paint ) 

History. 

The use of pigments can be traced back to 
remote antiquity, even to palaeolithic times 
Thousands of years before the Christian ora, 
the ancient Egyptians excelled m pictorial art. 
In Assyria, m Lydia, from the eight century 
B c , and by the lonians and Phocaeans, from 
about the sixth century b c. painting was skil- 
fully practised, and held m high esteem. Cimon 
of Cleonee, his successors Polygnotus of Thasos 
(463 B c.), Apelles of Colophon, and Zeuxis of 
Heraclea, and other early painters worked 
chiefly m fresco and tempera, with a limited 
range of pigments, nearly all mineral. Encaustic 
was not commonly practised until after the time 
of Alexander the Great. The pigments wore 
mostly the ochres, red lead, cinnabar, orpiment, 
chalk, gypsum, lapis lazuli (?), mdigo, carbon, 
and certain special colours, such as “ Egyptian 
blue ” (a copper frit or glass) and “ Tyrian 
purple.” From the accounts given by Pliny 
the Elder and Theophrastus, it would appear 
that a blue prepared from lapis lazuli was not 
known in classical times. Red lead, or minium, 
was used for the coloured statue of Jupiter, set 
up by Kmg Tarquinius Priscus m the Roman 
Capitol. The vegetable colours anciently used 
have probably for the most part decayed, leaving 
no traces ; but a pink madder lake and a yellow 
lake have been discovered among the pigments 
of the ancient Egyptians. 


Definitions. 

A Pigment may be defined as a solid, usually 
in powder form, which, when dispersed in a 
medium in which it is substantially insoluble, 
confers on the mixture a pronounced hue or 
colour (white and black being regarded as 
colours). In general, though by no means 
essential, it is desirable that pigments be opaque, 
in order to obliterate the original colour of the 
matrix or surface. 

Stainers are pigments which are relatively 
transparent, and which are generally employed 
when it 18 desired to retain the original character- 
istics of the surface, c.^., the gram of oak and 
other hardwoods. 

Extenders are materials notably deficient in 
both colour and opacity, but possessing other 
useful properties. They are employed to rein- 
force the mechanical or rheological properties, 
or to modify the surface characteristics or finish 
produced by the composition. Thus the sus- 
pension of pigments, the production of matt 
finishes or improvement of brushing character- 
istics may be achieved by the mcorporation of 
suitable extenders. When used in large amount 
the object is usually to cheapen the product. 

Lakes may bo described as soluble dyestuffs 
or colourmg matters, which have been rendered 
insoluble in water by treatment with suitable 
precipitatmg agents, and precipitated on a base 
or sub-stratum. Lakes were origmally made 
from naturally occurring dyestuffs, e g , Madder 
root. Cochineal insects, Persian Bernes, etc., and 
were prized for* their brightness of hue, although 
most of these lakes were relatively fugitive m 
sunlight. With the increase m the variety of 
synthetic dyestuffs available and the multi- 
plicity of methods of preparing pigments there- 
from, any sharp distinction between lakes and 
pigment dyestuffs is of small moment, and these 
will therefore be treated under the general head- 
ing of pigments of organic origin. It should be 
noted that Dyes and Stains are soluble and are 
used in solution whereas pigments and lakes are 
insoluble and are used m suspension. 

Uses and Properties. 

The ever-increasing demand for colour and the 
development of teclmique m the production and 
appheation of colour has resulted m many of the 
articles of commerce, formerly available only in 
black (e.g., saucepans, grates, etc.) or in natural 
colours (e.g^., leather, rubber, etc.) requiring to 
be finished in bright and attractive colours. 
Thus the manufacture of pigments, once as- 
sociated exclusively with pamts and painting, is 
now quite a separate and distmct industry, 
catermg for many other users, e.gf., plastics, 
rubber, leather, ceramics, enamelled hollow- 
ware, glass, cements, paper, printing inks, 
fabrics, etc. 

The selection of a pigment is not merely a 
matter of choosing the right colour. The 
matchmg of a red fabric (curtain, carpet, or 
dress) may necessitate the use of quite different 
pigments according to whether the use is to be 
for plastics (requirmg resistance to heat), paint 
(insolubility m oils), rubber (habihty to perish- 
ing), or paper (effect of inks), etc. Even among 
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paints the different requirements of air-drymg 
pamts, stovmg synthetics, cellulose lacquers, and 
oil- bound distempers may call for quite different 
pigments to attain similar colour effects. Thus 
it is often necessary to compromise on less 
essential features (brightness of colour) m order 
to ensure the essentials (fastness to light or heat, 
etc.) and the selection of the most suitable pig- 
ment for any purpose becomes a question for the 
competent technical export. Before enumerating 
the properties of pigments in detail, it is desirable 
to have a clear idea of the properties required for 
any specific use. 

Pigments in General. — Pigments should be 
insoluble in the medium in which they are used 
and unaffected by it, as durable and fast to 
light as possible, inert and unaffected by the 
other components of the mixture; and easily 
wetted and incorporated in a mixture and not 
liable to separate on standmg. As far as possible 
they should be non-corrosive and non-toxic, so 
that articles coming m contact with them (food, 
clothes) are not likely to become contammated. 

Pigments for Special Purposes. — ^There 
are, however, cases where precisely the opposite 
requirements may hold. Anti- corrosion pig- 
ments mostly act by virtue of a passivatmg 
action on iron or steel; anti-fouling pigments 
are toxic to marme organisms and may contain 
copper, mercury, or arsenic. Luminous, or 
fluorescent pigments, as well as temperature- 
indicatmg pigments, are necessarily chemically 
unstable and require careful handling. Some 
contain radioactive materials and should only 
be used under competent supervision. 

For plastics, heat resistance and compatibihty 
with phenols and formaldehyde aie essential. 
In the case of rubber, ability to withstand pro- 
cessing and vulcanisation is necessary, whilst 
the presence of traces of copper or manganese 
must be rigidly excluded as these accelerate the 
oxidation of rubber and cause perishmg. In the 
case of ceramics, enamelled hollow-ware, and 
glass the pigments are actually fused m a frit or 
melt and undoubtedly undergo partial solution 
and chemical reactions during application, so 
that the range available is strictly limited. The 
gold hnes on china cups and saucers are often 
pure metallic gold applied in the form of a gold 
sol and fired on to the porcelain surface. In the 
case of cellulose lacquers and certam synthetic 
resins, the powerful solvents used would attack 
many pigments commonly used m oil pamts, 
and selected pigments msoluble in these solvents 
are required, whereas in the case of stovmg 
finishes, heat resistance is important. For 
prmtmg mks very fine graduations m top and 
undertones, extreme fineness, and fastness to 
light are matters of extreme importance. 

Classification. — Chemical composition is 
not a fundamental factor and classifications 
based thereon are not satisfactory. Classifi- 
cation based on colour would be more acceptable, 
but for the fact that a range of colour is available 
in most groups of pigments by simple variations 
of treatment. The method adopted in this 
article, therefore, is that of treating like pigments 
m groups, followmg as far as possible in the 
order white, yellow, brown, red, blue, green, 
black, and metafile. 


Pigments may be further classified as to origin 
and method of preparation : 

Naturally occurring. Mostly mmeral pig- 
ments, e.g.f iron oxides, ochres, vandyk 
brown, mmeral black, ilmemte, and most 
of the extenders. 

Chemically prepared. Eg., white lead, zinc 
oxide, lithopone, lead and zme chromes, 
Prussian and ultramarine blue, lakes and 
pigment dyestuffs. 

The production of zinc oxide, white lead, and 
many other items are the subject of separate 
articles. Details of preparation will be limited 
to what 18 material to the preparation of satis- 
factory pigments. 

Considerable confusion exists m respect of 
termmology so that a limited number of defini- 
tions may be stated : 

Hue is that physical property of pigments 
which connotes the species of colour reflected : 
e.g., red, blue, green. 

Shade should properly be reserved to specify 
the dullness or greyness of a colour, i.e., the 
opposite of brightness. 

Tint 18 the effect produced by the admixture 
of white with a pigment; thus sky blue, 
eau do nil, stone etc , are tints. 

Tone 18 a subsidiary colour effect which be- 
comes evident when a pigment is exammed 
m thm films or as a tmt. Thus some reds 
possess a blue tone, i.e», they produce a 
senes of tints becoming progressj^vely bluer 
as more and more white is added, whereas 
other reds may become progressively more 
yellow or scarlet. Mass tone, overtone, and 
undertone are further variations m common 
use. Unfortunately the term shade is fre- 
quently used mstead of tone, thus “ red 
B.S.” mdicatmg a red havmg a blue shade 
or undertone. 

The oil absorption of a pigment is defined as 
the weight of oil m grams required to convert 
100 g. of the pigment mto a smooth paste. 

The opacity of a pigment is a function of the 
refractive index of the pigment relative to that 
of the medium m which it is dispersed. The 
refractive mdices of pigments vary from 
titanium oxide (2 '7) to that of white lead or zme 
oxide (about 1 9). Extenders have lower re- 
fractive indices, between 1*63 and 1*63. The 
refractive mdex of most oils and varnish media 
IS around 1*48-1 *50, that of water being 1*33, 
m comparison with air as unity. The relative 
opacity of equal volumes of pigments immersed 
in the same volume of medium, would bo propor- 
tional to the difference of refractive index of 
pigment and medium. Fmeness of division, 
however, influences the result by mducing 
scatter, opacity generally increasing as particle 
size diminishes, an optimum bemg reached in the 
region of particle size 1 /x. On a weight basis, a 
low density implies a larger volume of pigment, 
so that a combmation of low density and high 
refractive index imphes a high opacity, which 
can be modified within hmits by fine gnndmg. 
With extenders, which are relatively transparent 
m oil (due to the small difference of re&active 
mdex) improved opacity is found in water media. 
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and whiting is frequently used in distempers as 
a pigment, though by custom it is treated 
throughout as an extender. (See also refractive 
index of organic pigments, Cooper, J. Oil Col. 
Chem. Assoc 1948, 31, No 339.) 

The spreading rate or covering power of a 
paint (the area covered by unit quantity while 
still alfordmg adequate obliteration) and the 
relative hiding power (opacity of films at 
equivalent degree of spreadmg) are obviously 
closely linked properties which agam depend 
on a number of variables (flow, dispersion, etc.) 
so that no simple correlation exists. 

The staining power or relative strength of 
a coloured pigment is determined by admixture 
of standard white (usually zinc oxide) in suitable 
ratios (between 10:1 and 100.1) so as to obtain 
tints of equal depth m oil, when the strengths 
are in the inverse ratio Whites are similarly 
tested, using an inverse staining power ratio as 
determined by the use of carbon black standard 
tintor (1:100). 

Particle Size. — The size of particles of pig- 
ments may range between 1 /x. and GO /x. (0 001- 
0 06 mm.) diameter. Coarse particles of 60- 
100 /Lt are objectionable, whilst in some special 
cases (e g , carbon blacks) particles as small as 
0 1^ may bo present in appreciable amounts 
Eor comparison it may be pointed out that the 
average aperture of a 300 mesh (sieve) (300 mesh 
per linear inch) is 53 /a., and that the upper limit 
of colloidal particles subject to Brownian move- 
ment is 0*1 /L4 The wave-length of green light 
IS about 0 6 /i and the limit of resolution of the 
compound microscope using green light is 
approximately half this, viz. 0 26 fi. It will be 
seen that the particle size of many pigments is 
such that it IS very near the limits of resolution 
of the ordinary microscope, and it is precisely 
within these limits that pigments may be 
expected to develop maximum hiding power 
Kecent work with the electron microscope (?;. 
Vol. VIII, 84d) has indicated that extremely 
useful results are likely to accrue from further 
investigation in this region (Paint Research 
Station Technical Paper No. 138 ; The Electron 
Microscope and its application to the study of 
Pigments). • 

Little systematic knowledge of the shape is 
available, and it is in this direction that the 
electron microscope may be expected to prove 
valuable The typical platelet structure of 
micas and metallic powders, the crystalline 
structure of the chromes and many extenders, 
the fibrous structure of asbestine and the gel 
structure of alumina bases of pigment colours 
all obviously affect the resultant properties of 
the pigments, and must be taken into account 
when correlation of particle size with other 
properties is under consideration. 

Preparation op Pigments. 

The methods by which pigments are prepared 
may be divided roughly under the headmgs 
given below. 

Grinding and Levigatlon. — Many of the 
earth pigments and those of mineral origin 
merely require sorting, washing, and grinding to 
suitable fineness. The mineral as it comes from 
the mine may need clushing to enable it to be 
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fed to a disintegrator, edge runner, or ball mill. 
The grinding may be carried out dry (i.e,, air 
flotation) or wot (^.c., levigation). Air flotation 
has the groat advantage that subsequent drying 
and regrmding is avoided and a contmuous pro- 
cess can be mstallod whereby the finest particles 
are removed fromi the cycle at pre-determined 
sotting (say 300 mesh), the oversize being 
returned to the mill. Where, however, im- 
purities have first to be washed out (or left 
behind) this is often achieved by levigation. 
The mineral is ground under water and the 
suspension is run to large settling tanks. By 
varying the rate of flow, fractionation may bo 
effected, the coarest particles settlmg m the first 
tank, the required pigment m the intermediate 
tanks, and the very finest particles in the last 
tanks of the series. This procedure is usually 
adopted where large natural supplies of water 
are available at noghgable cost and the product 
can be handled on a very large scale, e g , China 
clay. When the tank is full the water is diverted 
to other tanks, and the material allowed to 
settle, removed, and dried. 

Calcination. — ^Many naturally occurring pig- 
ments and some manufactured materials are 
improved in colour or other properties by cal- 
cination at high temperature. Ochre, Sienna, 
and Umber are so treated (being known as 
Burnt Sienna, etc.) as well as many iron oxides, 
to enhance the colour, whilst Jithopono and 
titanium oxides are furnaced,' to improve 
opacity. Such pigments usually require grind- 
ing afterwards and either wot or dry grinding 
may bo employed according to circumstances. 

Volatilisation. — Those pigments which are 
prepared m the form of a fume, e g , zinc or 
antimony oxide, carbon black, etc., are usually 
collected in chambers or condensers. They are 
generally very fine (particle size around I /i.) and 
seldom require further grinding. 

Corrosion. — Pigments (notably white load, 
verdigris, etc.) produced by corrosion are usually 
ground wet, washed free from soluble salts and 
heavy particles, particles of metal, etc., and then 
filtered, dried, and ground in the ordinary way. 
White lead is exceptional, in that a water pulp 
of white lead is sufficiently hydrophobic to 
permit pugging with oil, whereby the pigment is 
preferentially wetted with oil and the water 
may be run off by decantation. A short milling 
under vacuum enables an oil paste to be obtained 
free from water. 

Precipitation. — The precipitation of pig- 
ments by double decomposition (e.g., lead 
chromes, Prussian blue, and the preparation of 
lakes and organic pigments by the process of 
colour striking) leaves the product m the form 
of a precipitate, suspended in liquors charged 
with soluble salts. After settlmg, the clear 
liquors may be run off by decantation, and the 
vat refilled with water. This is laiown as 
washing, and after several washes in this way 
the concentration of soluble salts is sufficiently 
reduced to permit the resulting slurry bemg 
pumped to filter presses, where the bulk of the 
remaining water is removed. The press cake is 
then usually spread on trays and dried m stoves 
by means of hot air at a moderate temperature. 
In larger installations where a continuous pro- 
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cess is in operation, the jM*ecipitate may be de- 
watered or concentrated by means of Dorr- 
Oliver thickeners, and the thickened slurry 
conveyed to continuous rotary vacuum filters 
a-nd thence to driers. The drying may also be 
done by means of film driers (rotating steam 
beated drums) or spray drying (sprayed into a 
large volume of hot air as in the case of dried 
milk, etc.). Where high temperatures are per- 
missible the wet pulp may be fed direct to a 
"otary kiln drier (as in the case of titanium 
c\ide) and the drying and calcination conducted 
n one stage. In the majority of cases, however, 
relatively low temperatures are essential to avoid 
liscoloration, and drying under vacuum at still 
ower temperatures may be necessary in some 
3ases. 

The White Pigments. 

The white pigments which are sufficiently 
jpaque for use m oil media are : 

White lead and basic lead sulphate. 

Zinc oxide, zinc sulphide, and lithopone. 

Antimony oxide and tin oxide. 

Titanium oxide and titanium white. 

The relatively transparent whites, which are 
termed extenders are . 

Barytes (BaS 04 ) blanc fixe (precipi- 
tated). 

Strontium sulphate (SrS 04 ). 

Terra alba or gypsum (CaS 04 , 2 H 20 ). 

Witherite (BaCOs). 

Whitmg, Paris white (CaCOg). 

Magnesium carbonate (MgCOg). 

China clay, talc, asbostme, silica, slate powder, 
etc. 

In addition there are a number of bases, pre- 
pared by precipitation, for use as a substrata on 
which to strike dyestuffs, e,g., alumina white, 
blano-fixe ahimina, alumina phosphate, and 
satm white. 

White Lead. — Known variously as Dutch 
white, cerussa alba, ceruse, Venetian white, 
Berlm white, Bleiwciss, Krems or Kremmtz 
white, blanc de plomb, blanc d’argent, silver 
white or fiake white, this well-known pigment 
has been made for centuries by the corrosion 
of metallic lead. Until 70 years ago it was 
manufactured exclusively by the traditional 
Dutch “ stack process,” in which cast lead 
wickets were built up layer upon layer over pots 
contaimng weak acetic acid, standmg upon waste 
tannm oj: other fermentable vegetable refuse. 
The completed stack took some 3 months to 
ferment, during which the lead was slowly 
oxidised, dissolved, and converted via basic 
acetate into basic carbonate. Such a stack 
would contam upwards of 120 tons of lead and 
the techmeal limitations of the process and the 
long time required naturally led to many 
attempts to replace it by a more rapid means 
capable of proper control. The prej’udice in 
favour of stack lead was but slowly overcome 
and the newer methods, which may be classified 
as chamber, quick corrosion, precipitation, and 
electroljrtio, are now well on the way to elimi- 
nating stack lead almost completely. 

Stack white lead is characterised by a coarse 


structure, some particles being as large as 
20 /X. m diameter, possesses low oil absorption, 
and is easily wetted by oil. It is preferred for 
the manufacture of paste paints and is usually 
somewhat discoloured by the tannin used. 
Chamber-process or quick-corrosion lead is 
whiter, of higher oil-absorption, more bulky, 
and in a finer state of division, and is commonly 
used for ready mixed paints, whilst the precipi- 
tated white lead has the highest oil absorption 
and IS if anything still whiter. (For fuller 
details of the various methods of manufacture, 
u. Vol. VII, 245 et seq. ; or N. Heaton, “ Outlines 
of Paint Technology,” 3rd ed., Charles Gnffin, 
1947, pp. 54 et seq.). 

White lead is a basic carbonate of lead of 
indefinite composition, generally described as 
2 PbC 03 ,Pb( 0 H) 2 . Whilst the commercial 
product 18 kept within narrow limits when made 
by any one process, the degree of carbonation 
obtaining in different processes varies con- 
siderably. According to the B S. 239-1935 the 
composition must he within the limits of 20- 
33% hydrate and 67-80% carbonate, corre- 
sponding to a carbon dioxide content of 11- 
13%. This would permit variations between 
3 6 PbCOg,Pb(OH) 2 andl 8 PbC 03 ,Pb( 0 H) 2 . 
Excessive carbonation reduces the opacity, but 
insufficient carbonation, whilst improving the 
opacity, 18 liable to yield a white lead of high 
reactivity, causing it to thicken m paints. 

The good obliteration power ascribed to white 
lead 18 due more to its brushing properties than 
to its intrinsic opacity. The refractive index is 
around 1 9 and its density 6*8. Owing to its 
high density and coarse structure, paints made 
on white lead have a low spreading rate (about 
500 sq. ft. per coat dry white lead) so that ex- 
cellent obliteration is observed. When tinted 
with coloured pigments, however, it requires 
rather loss colouring matter than the same 
weight of zinc oxide, indicating that its opacity 
IS actually inferior to that of zinc oxide. 

For exterior pamts it is still regarded as the 
pigment “ par excellence ” It has sufficient 
reactivity with oils to enhance the rate of drying 
and form elastic films, which do not crack. It 
hfts adequate covering power, and although it is 
liable to discoloration in industrial atmospheres 
charged with sulphurous gases, this is to some 
extent offset by its liability to chalk on exposure. 
The film is thus weathered away slowly, exposing 
fresh surfaces disposing of the discoloration, 
and leaving the surface in an ideal condition for 
repainting. 

The toxicity of white lead and lead compounds 
has been a matter of considerable concern in the 
past and has lead to statutory regulations cover- 
ing both the manufacture and use {v. Lead 
Poisoning, Vol. VII, 256c). It is, therefore, 
not used m interior painting, nor should it bo 
sprayed without special precautions. As a 
result of extensive investigations it has been 
shown that the chief danger is dust and that 
by suppressing dust, the iixcidence of lead 
poisonmg m the manufacture of white load has 
been reduced to negligible proportions. Rub- 
bing down of white lead paints should be done 
wet, using water-proofed ^and paper (see also 
Lead Paint (Protection against Poisoning) Act, 



PIGMENTS AND LAKES. 


1926). Most of the white lead used in paint 
manufacture is purchased as oil paste rather 
than dry. White-lead oil paste is manufactured 
direct from the wot water pulp by pugging with 
oil, whereby the white lead is preforpntially wot 
by the oil and the water is displaced and may 
be decanted. A short milling under vacuum 
suffices to produce an oil paste substantially free 
from water. 

Basic Lead Sulphate or Sublimed White 
Lead. — First patented by Bartlett in 1870, it 
was origmally manufactured m this country in 
1882 by roasting high-grade galena concentrates 
in a modified form of blast-furnace The 
volatilised lead sulphide, after oxidation by 
means of a cold air blast, was collected in a 
cooling chamber, yielding a product of fairly 
constant composition : 

Lead sulphate 75-80%, 

Lead oxide ... . . 14-20%, 

Zmc oxide .... 5-0%. 

It was very little used up to 1908, when Hannay 
patented impiovements, which were successfully 
operated at Grcenford until 1924, when the 
factory was closed down. 

The composition varies botween 5 PbS 04 ,PbO 
and 2 PbS 04 ,Pb 0 It brushes more easily 
than white lead, spreads further, and m conse- 
quence exhibits inferior obliterating power. It 
was originally claimed to be non-toxio, but 
although this attitude had to bo abandoned it is 
('ertainly less dangerous than white lead It is 
also less liable to discoloration in industrial 
atmospheres and does not chalk. 

Pattinson’s White. — Patented by Pattinson 
in 1849 and abandoned after having been manu- 
factured over a few years, this pigment is of 
histone mterest only. It was prepared by dis- 
solving galena (PbS) in hydrochloric acid and 
precipitating the basic chloride by the addition 
of one half ^e equivalent amount of lime water 
The composition corresponded with that of the 
mineral lauriomte, Pb(OH) 2 ,PbCl 2 . 

Antimony Oxide, Sb 203 . — Antimony oxide 
IS prepared by the volatilisation and oxidation 
of puiified antimony metal. Owing to the fact 
that the oxide itself is volatile (in contradistmc- 
tion to zmc oxide) it is essential to cool the 
vapours rapidly, otherwise a coarse crystallmo 
product IS obtained which is useless as a pig- 
ment. Prior to 1919 insufficient attention had 
been paid to this fact and the successful com- 
mercial use of the pigment dates from about this 
time. Being an acidie oxide it is unaffected by 
acid media and retards chalking of other pig- 
ments, e.gr., titanium oxide, in pamts. It finds 
considerable use in cellulose lacquers and syn- 
thetic finishes for this reason. Its obliteratmg 
power IS superior to that of zinc oxide. It is 
easily wetted by oil and its low oil-absorption 
together with its high density enables pigment 
concentrations up to 78% (by weight) to be 
brushed satisfactorily (Clarke, J. Oil Col. 
Chem, Assoc. 1921, 4, 2). Its particle size is 
about I fjL, (nvallmg zmc oxide m this respect) 
and films contammg it do not harden and crack 
on agemg. It is liable to slight discoloration on 
exposure in industrial atmospheres. In spite 
of the poisonous nature of antimony salts, it is 


627 

not regarded as dangerous in this respect when 
used m pamts. 

Zinc Oxide. — Known also as Chinese white, 
snow white, zinkweiss, and flowers of zinc, zmc 
white was first manufactured m Franco by 
Courtoise in 1751 by what is now known as the 
indirect process. Metallic zinc or spelter is 
volatilised from crucibles heated in a furnace 
equipped with a suitable hood and exhaust 
draught. As the metal volatilises, it issues 
from a hole m the lid and is burnt to form zinc 
oxide m the form of a dense smoke, which is led 
to suitable collection units, graded, and bagged. 
That nearest the furnace is least -pure,* and the 
product IS usually labelled as white, green, red, 
yellow, or blue seal — the white seal being the 
best, usually 99 8% purity. Green and red 
seals are almost as high purity, but yellow and 
blue seals are noticeably off-colour. 

The Direct Process was first installed at 
Franklin, U.S.A., m 1851 by Wethorill in order 
to utilise a low-grade ore comprising franklmite, 
willemite, and zincite, and contammg only 20% 
of zinc. The ore was spread on a layer of 
anthracite and burnt m the furnace, and the 
fume, after passing a trap for retaining ash, was 
collected and condensed in chambers. Owing to 
the relative absence of volatile impurities a 
satisfactory zinc oxide is obtained containing 
up to 5% of load. 

Coyitinuoas Process . — Of recent years, con- 
tinuous processes have been developed, based 
on the use of a rotary reverberatory fuinaco 
mto which metallic zinc is fed on to a bed of 
anthracite or coke, the heat of oxidation being 
sufficient to maintain the temperature once the 
reaction has been initiated (B P. 391514 and 
435005). The slower rate of volatilisation of the 
contmuous process favours the development of 
coarser particles which are acicular m form. 
Acicular zinc oxide has boon shown to have 
superior durability and is not so liable to crack - 
mg of surface coatings made from it (J. Oil 
Col. Chem. Assoc. 1942, 25, 53). 

The present consumption for paint purposes 
of zinc oxide approaches that of white lead. Its 
non-poisonous character and the exceptional 
gloss and flow characteristics make it the pig- 
ment “ par excellence ” for light-tinted interior 
enamels. The addition of small amounts to 
exterior pamts tends to harden the final film, 
reducing dirt retention and improving gloss. 
Larger amounts are liable to cause cracking or 
checking, and m this case the acicular typo has 
much to recommend it. For pamts, colour and 
opacity are important, whereas for incorporation 
m rubber, grades possessing smaller particle 
size (down to O’l /x.) are preferred, and the 
mechanical properties are paramount. The 
opacity of these grades may be poor. Zinc oxide 
IS basic m character and care must be taken to 
avoid acidic media, otherwise it is liable to set 
to a gel-lik© cement. 

Lithopone. — ^The introduction of a new pig- 
ment in the form of a co -precipitated zmc sul- 
phide-barium sulphate complex m 1874 was 
due to J. B. Orr. Known as Orr’s zinc white 
and a variety of other names (e.g., phonolith), it 
has rapidly overcome the early objections 
advanced against its use, and is to-day one of 
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the most extensively used white pigments for 
interior work. Lithopone is manufactured by 
the double decomposition of solutions of barium 
sulphide and zmc sulphate according to the 
equation : 

ZnS 04 + BaS=ZnS+ BaS 04 . 

The reaction is unusual in that both products 
are insoluble, leaving no soluble salts to be 
washed away. The whole merit of the invention, 
however, turns on the subsequent heat treatment 
of the precipitate at 700°c. in the absence of air, 
whereby the optical density is enhanced, with- 
out which the product has very little value as a 
pigment. Lithopone possesses a high degree of 
opacity, is a pure white in colour and can bo 
manufactured at a very competitive price. The 
world output is of the order of a quarter of a 
million tons per annum, of which some 40 mil- 
lions are consumed in this country in the 
manufacture of paints Originally it was very 
liable to photogenic darkening in sunbght or 
ultra-violet light, as a result of which painted 
surfaces might darken badly withm a few houis 
of exposure to bright light, but this defect has 
largely been overcome by methods not fully 
disclosed (.see B.P. 264223 et al ), According to 
Mills (J. Oil Col. Chem. Assoc. 1936, 19, 109) 
any lithopone can be stabilised against actinic 
action by the addition of 0 016% of cobalt (see 
B.P. 226523). Lithopone has several marked 
advantages — high opacity, superior to that of 
zinc oxide or white lead, non-reactivity with 
weak acids, so that it can be used with safety in 
acid varnishes, cellulose lacquers, and synthetic 
resin media, and relatively low price. On the 
other hand, the gloss obtamed in enamels is 
much inferior to that of zinc oxide, and its 
liabihty to oxidation on exterior exposure leads 
to early failure both on metal and wood surfaces 
Its chief use is therefore for interior undercoats, 
for matt finishes of all types, and in good-grade 
washable water-paints (oil-bound distempers). 
►Substantial addition of zinc oxide increases its 
exterior durability (Mills, l,c.) and it is exten- 
sively so used in the U.S. A. From the equation, 
the theoretical composition of the product is 
ZnS 29-5, BaS 04 lithopone of this 

t3rpe is commercially described as 30% litho- 
pone, the most generally used typo. A double- 
strength quality, known as 60% lithopone, is | 
made by replacing a half molecular equivalent 
of zinc sulphate with zinc chlonde, followed by 
thorough washing-out of the soluble salts so pro- 
duced, before furnacing. In Germany, it was 
the practice to make this quality and to reduce 
it to the 30% quahty, by milling it together with 
the requisite quantity of natural barytes, so 
obtaming a product of lower oil absorption. 
This practice is easily detectable by microscopic 
examination under polarised light (crossed 
Nicol prisms) when the crystalhne character of 
the barytes is clearly visible against the black 
background of true lithopone, which is isotropic 
under these conditions. Owing to the difficulty 
of excluding air during the fumacmg operation, 
most lithopones contain traces of zinc oxide 
(0 3-3 0% of ZnO), and where it is essential to 
, avoid this, a special quality known as spirit 
lithopone, which has been w'ashed m weak acetic 


acid, to remove the zmc oxide, should be used. 
It was onginally considered that the complex 
ZnS,BaS 04 was m the nature of a chemical 
compound, but this view is not upheld by X- 
ray examination (Wood, J.S C.I. 1930, 49, 300t). 
It IS more likely due to the development of a 
denser crypto-crystalline structure. Its re- 
fractive index is 1*84 and density 4*3, neither 
figure being far removed from the arithmetic 
mean of its components (Mills, l.c.). Lithopone 
is extensively used in the rubber and linoleum 
industries ; a full review of its uses is given by 
Morns (Paint, Oil, and Chem. Rev. 1928, 85, 
No. 22; 1929, 87, No. 23 ; 1930, 89, No. 16). 

Zmc Sulphide. — It is natural that the suc- 
cessful development of lithopone should lead 
to attempts to introduce the straight 100% zinc 
sulphide as a pigment. It was not until 1927, 
however, that a technically pure zmc sulphide, 
under the name of “ Saciohth ” was introduced 
into this country (see B.P. 260581 ; B. 1927, 
259). Its brilliant white colour and high refrac- 
tive mdex (nD=2‘31) combined with a relatively 
low density (4 0) and small particle size (around 
1 fi.) all combine to yield a pigment of excep- 
tional opacity and high tinting strength, second 
only to titanium oxide. It is not extensively 
used m oil pamts for exterior purposes for the 
same reasons as lithopone, but m cellulose 
lacquers and synthetic stovmg finishes it enables 
coatings of high opacity to be built up using 
minimum pigment concentrations, and m those 
special applications it is definitely advantageous 

Titanium Oxide, TiOg. — Titanium occurs 
relatively widespread throughout the earth’s 
crust, but owing to the difficulties of isolating it 
and to the refractory nature of its ores it has 
remained until quite recently comparatively 
“ rare.” Its use as a pigment was first sug- 
gested by J. W. Ryland of Birmingham m 1865, 
who imported ground ilmomte from Egersund, 
Norway, and patented its use as a black pigment 
for the manufacture of paint. In 1870, John 
Overton took out a patent m the U.S. A. for the 
use of ground rutile (TiOg) as a component of 
anti-fouling compositions for ships hulls. Al- 
though Ryland realised that the great opacity 
of ilmemte was due to its content of titanium 
dioxide, the idea of separating it m the pure 
state does not appear to have occurred to him. 
Between 1908 and 1921 investigations by Jebsen 
and Farrup in Norway, and Rossi and Barton 
m the U.S.A., resulted in the commercial pro- 
duction of titanium white pigments. Originally 
these pigments contamod considerable amounts 
of calcium phosphate or barium sulphate, and 
it was not until 1927 that the pure titanium 
oxide (98%) was available commercially. The 
method of manufacture now generally adopted 
is the treatment of the finely powdered ilmenite 
(FeTiOg) with concentrated sulphuric acid, 
when the heat of reaction is sufficient to convert 
the mass mto a paste of mixed sulphates of 
titanium and iron. These are dissolved in 
water, and the solution filtered from any 
residue, diluted, and heated, when the hydrated 
titanium dioxide resulting from hydrolysis is 
precipitated, whereas the ferrous sulphate 
remains in solution. Hydrolysis is facihtated 
by seeding with hydrated oxide from the 
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previous batch, or more generally by running the 
material forward on a continuous process so that 
continuous precipitation and thickening occurs, 
the thickened slurry bemg pumped to filters 
and removed from the cycle. The refractive 
index of this product is only 1*8, whereas, by 
furnacing, it can be raised to that of the crystal- 
Ime oxide, 2 7. Furnacing is carried out m 
rotary furnaces under careful control. The 
crypto-crystalline condition is necessary to 
obtam maximum opacity, but overheating 
results in coarse particles of hardness about 7 
(Moll’s scale) and such material will abrade 
steel (hardness— 6 J) so that when rubbed out 
with steel palette knives or ground on steel 
rollers the product will be blackened by the 
abrasion of the steel surfaces. The furnaced 
product is then passed through disintegrator 
mills, which deliver a finished product of uni- 
form fineness (300 mesh), the particles being j 
roughly spherical with a diameter of the order I 
of 1 jjL, Satisfactory colour and texture is j 
obtainable with a purity of 98% T lOg. Titanium 
oxides* up to 99 8% purity can bo prepared 
where high purity is essential, but such materials 
are useless as pigments. The high refractive 
index of 2*7, combined with the low density of 
3 7 result in a material having the highest 
opacity and staining power of any white pig- 
ment. Further, its stability to chemical attack 
by both alkalis and acids enables it to bo used 
m almost any medium, and it finds extensive 
use m cellulose lacquers, alkyd and other 
stovmg synthetic resins, etc. It is chemically 
inactive and non-toxic but has, however, one 
serious shortcoming. On exposure in oil media 
out of doors, paints contammg it chalk badly 
and eventually fail It would appear that 
chemical mactivity is not necessarily a desirable 
property m itself. The moderate activity of 
white lead which results in hardening of the 
filnf without cracking or checking is to be pre- 
ferred to the activity of zinc oxide, which pro- 
motes checking, or the inactivity of titanium 
oxide, which promotes chalking. To some extent 
this defect can be overcome by the addition of 
zinc oxide, antimony oxide, or witherite in sub- 
stantial amount. This defect is connected with 
the crystallme form of the product. Titanium 
oxide, TiOg, IS trimorphous, crystaUismg m 
three forms (anatase, tetragonal, p 3 9 , 
brookite, orthorhombic, p 4*0 ; and rutile, 
tetragonal, p 4 3). The anatase form separates 
around 860°o., whereas brookite is formed at 
about l,000°c., and the rutile form at still higher 
temperatures. Both anatase and rutile are 
tetragonal, but in rutile the prismatic habit is 
more strongly developed. The rutile form is 
less prone to cause chalking, and accordmg to 
B.P. 479072 the incorporation of small amounts 
of antimony oxide prior to furnacing favours its 
formation. Unfortunately, rutile titanium oxide 
pigments do not possess good colour. Titanium 
oxide m admixture with many dyestuff pigments 
accelerates fading, especially in pale tints. 
Composite pigments of titanium oxide and 
barium sulphate in which the titanium oxide 
content varies from 25-70% are extensively 
used under the name of titanium whites. Cal- 
cium-base titanium white is a similar pigment m 


which the barium sulphate is replaced by cal- 
cium sulphate. Titanium lithopone is said to 
be CO -precipitated pigment made from zino 
sulphate, barium sulphide, and titanium oxide, 
calcined in the same way as for lithopone (g.v.), 
but precisely similar properties are obtainable 
by blending lithopone and titanium oxide. Lead 
titanate is prepared by heating together titanium 
oxide and litharge in molecular proportions to 
form PbTiOg. It possesses excellent weather- 
ing properties and is free from chalking, but is of 
a pronounced yellow to buff colour. 

Tin Oxide. — Stannic hydroxide or ortho- 
stannic acid, Sn(OH) 4 , is employed in ceramic 
glazes and in vitreous enamels, but is seldom 
used in decorative or artistic paints. Stannic 
oxide, SnOg, occurs in three crystalline forms 
isotnmorphous with the three forms of titanium 
oxide. Both are chemically similar in properties 
to silica, SiOg. 

Summary of Properties of White Pig- 
ments. — To avoid repetition and in order to 
present a comparative picture of the white pig- 
ments, mainly from the point of view of their 
use in paints, the following data are appended ; 


Pigment. 

Den- 

sity 

Refrac- 

tive 

index. 

Oil 

absorp- 

tion, 

% wt 

Approx, 
particle 
size, At. 

B.S ♦ 

Wliito lead 

68 

1 9 

7-10 

(Stack) 

9-13 

(Cham- 

1-20 

239 




ber) 



Basic lead 






sulphate 

Antimony 

64 

185 

7-12 

— 

637 

oxide 

5 75 

22 

10-15 

1 

338 

Zinc oxide 

5 65 

1 9 

14-21 

1 

254 

(acicular) 




30 


Lithopone 
Zinc sul- 

43 

^84 

12-20 

10 

296 

phide 

Titanium 

4 9 

2 3 

1 

1 


oxide 

Titanium 

3 7 

27 

20-30 

1 

392 

white 

(rojluced 

types) 

— 

— 

— 

— 

636 


♦ All these British Standards are published together 
as B S. 239-1935. 


Those are average commercial figures and not 
mtended to indicate limits permitted by specifi- 
cations quoted. 

British Standards may be obtained from the 
British Standards Institution, 28 Victoria Street, 
London, S.W.l, and should be consulted for 
precise details and methods of tests. 

A method for determimng relative resistance 
to chalking of titanium pigments is given in 
B.S. 1269-1945. 

Extenders. 

Materials notably deficient in both colour and 
opacity are commonly employed along with suit- 
able pigments to re-inforce the mechanical or 
rheological properties or to modify the surface 
characteristics or finish of the mixtures in which 
they are dispersed. In general these materials 
possess low refractive indices, so that they are 
relatively transparent in oil. Some, such as 
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silica, may be added to give “ tooth ” or rough- 
ness to undercoats in order to secure proper 
adhesion, others of relatively high oil-absorption 
such magnesium carbonate or asbestine may 
be added to improve suspension of the pigment 
or to obtain matt finishes. Extenders are also 
employed as bases on which to strike dyestuffs, 
but this aspect will receive attention under dye- 
stuff pigments. The presence of excessive 
amount of extender may generally be regarded 
as adulteration. 

Many extenders are natural mmorals, and may 
bo mined as such or in conjunction with other 
minerals with which they occur. They may be 
grouped as ; 

Sulphates of barium, strontium, calcium. 

Carbonates of barium, calcium, magnesium. 

Silicates, etc., e,g., silica, china clay, asbestine, 
mica. 

Sulphates. — Bari/tes, BaS04, also known as 
heavy spar, occuis in many parts of the world, 
notably in Germany, the U.SA., Italy, and this 
country The annual production in Great 
Ilritam is 66,000 tons, of which some 40,000 are 
taken by the paint industry. Used in modera- 
tion it increases the hardness and resistance to 
abrasion of pamt films and certainly does not 
detract from their durability, but when used in 
excess of 16% purely as a cheapcnmg agent the 
obliteration power and other properties are 
adversely affected. It is also extensively used 
as a base on which to strike cheap reduced 
qualities of the various dyestuff pigments, 
chromes, Brunswick Greens, etc., and m the 
filling and surfacing of paper, and in the dressing 
of fabrics. Good grades run 90-95% purity and 
should be substantially free from silica. Its 
high density (4 5) and low refractive index 
(1*63) make it practically transparent in oils 
(w=l*48). It IS relatively coarse in texture, 
particle size varying from 6 to 100 p, (300 mesh 
—63 /X.). Micromsed barytes is a specially finely 
ground variety, the particle size varying from 
4 to 9 ft. 

Blanc Fixe is the precipitated form of barium 
sulphate, which is employed wherever the cry- 
stalline character of barytes precludes its use. 
It 18 extensively used as the base on which to 
strike fine colours used in printing inks, high 
quality enamels, and artists’ water colours 
Particle size vanes from 1-5 p. It is relatively 
transparent m oil, but owmg to its finer particle 
size IS more opaque in water than is barytes. 
It IS known also under the names of permanent 
white, process white, and constant white. 

Shontium white, or celestite, SrS04, occurs 
at Yate, near Bristol, where it is found a few 
feet below the surface as a white transparent 
mmeral, tinted pink due to traces of iron. It is 
somewhat softer and less insoluble than barytes 
and is used similarly, especially in fillers and 
surfacers, to which it confers easier rubbmg 
properties in the preparation of smooth surfaces. 

Terra AJha, known also as mineral white, or 
Gypsum, CaS04,2H20, is extensively used as 
a cheap mmeral filler or extender. It is much 
softer than either barytes or celestite and is 
appreciably soluble in water. Its use m paints 
IS deleterious, resultmg in corrosion on steel 


surfaces. Its texture is crystalline and it pro- 
duces a woolly texture m oil. It is relatively 
transparent m both oil and water, although it is 
used to some extent in water paints. 

Satin white is a precipitated white base pre- 
pared by the addition of milk of lime to a solu- 
tion of aluminium sulphate, and is used to some 
extent in the preparation of lake pigments and 
m the surfacing of “ art ” papers. 

Carbonates. — Witherite is natural barium 
carbonate, BaCOs. In Northumberland and 
Durham a vem of this mmeral up to 16 ft. in 
thickness is worked, and supplies the bulk of 
the world’s production (about 10,000 tons per 
annum). Elsewhere it is rarely found un- 
associated with other minerals. Although 
barium compounds are scheduled as poisonous, 
the use of barium carbonate in paints, plastics, 
pigments, printing mks, etc., is exempted from 
the general regulations (S. R. & 0., 1935, 
No. 1239, Rule 11, Third Sch., Group 1). Large 
amounts are used in industry without injurious 
effect on the health of workers It has useful 
properties in paints, but should be avoided 
where these are hablo to come into contact 
with food (e g., printed wrappers). It is claimed 
to reduce the chalking of titanium pigments in 
paints. Precipitated barium carbonate is finer 
and softer and is also used. 

Whiting or Pans white is natural calcium car- 
bonate, CaCOg, which has been washed and 
ground. It is extensively used as the basis of 
most distempers, being relatively opaque in 
water media and conferring desirable brushing 
properties. It is mostly prepared from chalk, 
huge deposits of which occur stretching from 
Antrim, Northern Ireland, to the Crimea. In 
places these deposits have been completely 
denuded but elsewhere they have been con- 
solidated into limestones, a crystallme variety 
abounding in fossil remains, and in some places 
mto marble, in which the crystallisation process 
has destroyed all fossil remains. Powdered 
marble is sometimes used on account of its higher 
purity and highly crystalline texture. In 
specifications, a prejudice against the presence 
of calcium carbonate m pigments or paints still 
persists, but it is well known that moderate 
amounts (up to 16%) do not adversely affect the 
durability of paint under normal outdoor con- 
ditions. The term Pans white is generally held 
to connote a superior quality, especially as 
regards colour and freedom from coarse siliceous 
particles. When a white finish is desired it is 
usual to add ultramarine blue m quantities 
sufficient to overcome the distinct yellowish cast 
due to the presence of iron 

Magnesite, MgCOg, is similar in properties to 
whiting, but owmg to its higher od absorption 
finds its chief use in the formulation of matt 
finishes. 

Silicates. — Sdica, SiOgt occurs extensively 
as sand, flint, quartz (rock crystal), kieselguhr 
(diatomaceous earth), and as an amorphous 
powder of volcanic origin in the Greek island of 
Mdos. The denser varieties are extensively 
used in primers and undercoats to provide 
“ tooth ” or adhesion for the subsequent coats, 

! but owmg to its ektremely hard nature (hardness 
1 7, Moh’s scale) it causes excessive wear on mills 
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and renders subsequent rubbing down arduous. 

It should therefore be used sparingly or in con- 
trolled amount. The amorphous forms are used 
as suspending agents and for the production of 
matt finishes. Under the microscope the typical 
conchoidal fracture, the presence of diatoms, 
and its characteristic properties under polarised 
light render detection of the various types a 
matter of no great difficulty. Siliceous dust 
entering the lungs causes severe inflammation, 
leading to silicosis, and of recent years stringent 
restrictions have been placed on its use in the 
dry state in this country. The risk associated 
with its occasional use m paint is considered 
negligible. 

Asbestine . — Asbestos is a term applied some- 
what loosely to various minerals occurring in 
fibrous form, including anthophyllite, horn- 
blende, tremolite, actionhte, crocidolito, ser- 
pentine, and talc. Originally, the asbestine 
used in paints was the fine powder resulting as 
waste from the weavmg of asbestos cloth or cord. 
The composition is variable, being chiefly 
liydrated silicates of magnesium, calcium, and 
iron. Of recent years white asbestine has been 
chiefly of the talc variety, which is essentially 
hydrated magnesium silicate It is very soft 
(hardness 1, Moh’s scale) , density 2 9-3 4, and 
oil absorption 25-30. Its use is almost entirely 
confined to the production of matt finishes and 
as a means of preventmg settlement m paints. 
Asbestine is prone to ftiuso asbostosis, a malady ! 
closely akin to silicosis, and similar restrictions 
apply. 

China Claijf or KaoliUy has the approximate 
composition A 1 303,2 SI 02,2 H gO . It is derived 
from the weatheimg of granite in situ, by the 
process known as kaolinisation, whereby the 
soluble constituents are leached out and a mass 
of white insoluble residue is left behind. The 
chief production in this country is at St. Austell, 
Cornwall, with an output of about 1 million 
tons annually. After levigation to remove sand 
and mica particles it is run through 100 - mesh 
sieves into settling pits, filter pressed, and dried 
It IS extensively used in the manufacturing of 
pottery, paper, soap, rubber, and Imoloum, and 
finds relatively msignificant use in paint. It is, 
however, used as a base on which to strike dye- 
stuff pigments (see “ China Clay, its Composition, 
Preparation, and Uses,” Collins, Chem. and Ind. 
1923, Feb. 2 ). Colloidal forms of china clay, 
peptised by means of alkalis and electrolysed 
using a positively charged drum, to which the 
negatively charged china-clay particles are 
attracted and removed by scrapers, have been 
put forward under the proprietary names of 
“ Stockalite,^^ “ Catalpo,^^ etc. Bentonite is a 
naturally occurring form found principal!/ m 
the U.S.A. and Canada, characterised by its 
capacity of swellmg to several times its own 
volume when wet with water and setting to a 
stiff gel. It finds use in water paints as a sus- 
pension agent. Fuller’s earth is similar in 
properties and was used origmally to absorb 
oil or grease from fabrics. Neuberg chalk is a 
particularly fine variety used as a polishing 
agent, whilst white and green earths are much 
used as bases for the preparation of colours fast 
to hme for use in distempers. •Green earth is 


mined in the vicinity of Verona under the name 
of “ terra verte ” and owes its colour to the 
presence of glauconite, a hydrated silicate of 
iron, aluminium, and potassium. It has a dull 
greenish colour, is lacking m opacity and staining 
power, and is better regarded as an extender 
than as a pigment. 

Slate Powder . — Slates are derived from clays 
under the influence of terrestrial pressures, 
which cause orientation of the particles, leading 
to the formation of definite planes of cleavage, 
along which the rock may be split into roofing 
materials (v. Vol II, 138a). The waste formed 
by the trimming of roofing slates is ground to a 
fine powder and air floated. It is generally grey 
in colour and forms a very suitable matenal for 
the making of grey fillers and stoppers, and as 
an inert extender in cheap paints, asphalt, and 
other flooring compositions, linoleum, and rubber 
compositions. 

Summary of Properties of Extenders. — 
The following are average commercial results 
obtained on good -quality materials. Owing to 
the wide variations of these materials they can- 
not bo taken as indicating usual limits, but are 
intended primarily as characterising the different 
extenders : 


Extender 

Den- 

sity 

Refrac- 

tive 

index 

Oil 

absorp- 

tion 

Approx 

particle 

81/0, jU 

BS* 

Barytes 

4 5 

1 63 

8-12 

5 -100 

260 

(Micro- 
msed) 
Blanc Fixe 

42 

1 63 

25-30 

4-9 

1-5 

281 

Strontian 

white 

39 

i 02 




Terra Alba 
(Kvpsiim) 

2 3 

1 59 

20-25 

5-200 



Witherite 

43 

1 53 

9-12 

60 

— 

Magnesite 

30 

— 

— 

10 

— - 

Whiting 

27 

1 60 

15-20 

5-20 

— 

Silica 

26 

1 55 

— 

40 

301 

(Milo- 

white) 

22 





10 


Asbestine 

30 

— 

25-30 

— 

255 

China clay 

26 

— . 

30-00 

1 

— 

Slate 

powder 

26 

— 

— 

— 

— 

♦ Published together as B S 

256-1938. 


Fbbjsuoinous Pigments and Eabth 
Colours. 

This extensive group of pigments, the pig- 
mentary properties of which are due in the mam 
to the presence of iron, may be divided into 
two classes, naturally occurring and chemically 
prepared. Pigments of either class are com- 
monly submitted to calcination, whereby the 
shade may be altered or a whole range of shades 
produced, m which case the prefix raw or burnt 
may be used as m the case of Sienna or Umber. 
Blended products are also common, in which the 
properties of the natural oxide have been 
modified by the addition of chemically prepared 
ferrugmous pigments in order to comply with 
specification requirements or to improve the 
colour or tmtonal strength. 

Naturally Occurring Iron Oxide Pig- 
ments. — ^This class comprises a large number 
of pigments varying m colour from pale yellow 
through rod to crimson, brown, and black. The 
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colour is due mainly to iron in the form of 
hydrated oxide, oxide, or silicate, modified m 
some cases by the presence of manganese, and 
varies according to the locality m which they 
are mined. In general the hydrated forms are 
yellowish, becoming redder as dehydration to 
oxide occurs, whilst the presence of manganese 
tends towards browner shades. In some cases 
the composition approximates to that of haema- 
tite (FeoOg) or magnetite (Fe 304 ) whilst m 
many others the iron content may be quite low, 
the balance generally consistmg of silica, clay, 
calcium carbonate or sulphate, organic matter, 
etc. Methods of mming and the care expended 
in preparation for the market vary considerably 
in different countries, but usually only those 
deposits which can be worked with a<ninimum 
of treatment to provide satisfactory pigments 
are capable of economic exploitation. 

Ochre , — Ochres may be regarded as hydrated 
oxides of iron, associated with a considerable 
amount of silica. They are yellow in colour, 
somewhat opaque, low m iron, and relatively 
weak in staming power. At one time exported 
extensively from France, these were obtained 
mainly from the Yonne and Vaucluse districts , 
the various qualities were designated by initials 
still in common use, e.g.y J.F.L.S., the significance 
of which IS here given . 

•T Jaimo Yellow E Extra Extra. 

L La\iS Washed or E Eoned Dark 

levigated () Or Dold 

(’ Citron Light yellow K llouge lied 

T Trds Ver>. S Surerfin Superfine 

Excellent qualities are also obtained from Italy, 
India, and South Africa In this country, 
Oxford ochre was formerly a well-known variety, 
but the deposit is now exhausted. West of 
England ochres, notably from the Golden Valley 
district, and the Derbyshire ochres are well 
known and of excellent quality. The iron con- 
tent of ochres varies from 13 to 75% as FCgOj; 
typical analyses are as follows : 


Ochre 

Oxide 

of 

iron 

Loss 

on 

Igni- 

tion 

Silica. 

Alu- 

mina 

Cal- 

cium 

sul- 

phate 

Cal- 

cium 

cail)- 

onate 

Mag- 

nesium 

salts 

Italian 

07 28 

11 50 

15 76 

3 67 

Nil 

1 78 

Nil 

African 

61 13 

12 10 

21 00 

3 87 

1 02 

0 14 

Tiaoe 

Bristol 

47 31 

' 8 00 

27 75 

5 69 

0 524 

9 61 

(0 70 
NaCI) 

1 12 

Indian 

33 00 

12 80 

49 75 

3 50 

Trace 

0 90 

as 

MgCOj 

Trace 

Spanish 

73 89 

11 50 

6 50 

5 70 

1 16 

1 12 

Nil 

Devon 

18 00 

9 00 

68 00 

2 90 

0 41 

1 67 

— 

Erencli 
J F L S 

13 88 

7 00 

76 00 

2 12 

0 35 

0 42 

— 


On calcination ochre becomes reddish and is 
termed “ burnt ” or “ red-ochre.” 

Sienna. — ^There is no definite Ime of demarca- 
tion between ochres and siennas, but the pro- 
nounced transparency of the latter does in fact 
lead to a sharp distinction bemg made m use. 
Raw siennas are much higher m iron content 
(on the average over 60% as FegOj) and 
generally contain a small amount of manganese 
(O'l-l 6%). They are decidedly stronger m 
fitainmg power* and are used as stainers or 


glazing colours (see definition, p. 623c) in the 
preparation of natural woods which are to be 
varnished or French polished, and in the grain- 
ing of painted surfaces. Sienna, as the name 
implies, is obtained from the vicinity of the 
Italian city of Sienna, and from Sicily. Raw 
sienna, which is not nearly so abundant in 
nature as ochre, is a brownish-yellow pigment 
possessing a greenish cast. A typical analysis 
is as follows : 


%. 


Feme oxide, FCgOg . . . 

. 64 96 

Manganese dioxide, MnOg . 

. 1*46 

Alumina, AlgOg 

7 26 

Calcium oxide, CaO. 

. D30 

Silica, SiOg .... 

14 02 

Combined water .... 

. 9 40 


98 40 


Burnt Sienna, obtained by the calcination 
of raw sienna, is of a rich transparent orange - 
brown colour, the depth of which may be varied 
accordmg to the temperature and conditions of 
heatmg. It finds considerable use as a glazing 
colour and when reduced with an opaque white 
pigment yields warm yellow tones unobtainable 
with ochres. 

Umber. — Umbers are differentiated from 
ochres and siennas by the higher manganese 
content and much dark^ colour. They are not 
too identifully distributed m nature; a poor 
quality is mined m this country, but the best 
qualities, known as Turkey umber, have for 
centuries been obtained from the island of 
Cyprus and imported into this country via 
Constantinople. Raw Turkey umber is dark 
brown in colour with a peculiar greenish cast, 
containing 30-60% of FCgOg and 15-30% of 
MnOg, the balance bemg organic matter, silica, 
and alumina 

Burnt Umber y as the name implies, is a cal- 
cmed umber. It is a dark brown m colour with 
a reddish cast, the change on calcination not 
being nearly so marked with umbers as with 
ochre or siennas. Ochres, siennas, and umbers 
are somewhat hygroscopic, and the determma- 
tion of moisture therein is best carried out %n 
vacuo accordmg to the method of the British 
Specification No. 312. 

Red Oxide of Iron. — Extensive deposits of 
natural oxide of iron, haematite, FOgOg, occur 
throughout the world, but only those deposits 
which have the required physical properties are 
of interest as pigments. In the Malaga district 
of Spain, an extensive deposit is worked, yielding 
an oxide averagmg 80-90% FCgOg, known m 
tips country as Spanish oxide. This is exten- 
sively used m the manufacture of red oxide 
paints for the protection of steel structures. It 
has excellent obliteration and brushes out well. 
When reduced with whites it shows good stammg 
power, yieldmg tints with a yellow undertone. 

Another deposit occurs at Ormuz on the 
Persian Gulf, the oxide bemg known as Gulf red. 
This has an even brighter colour, and yields 
somewhat bluer undertone on reduction with 
white. Although it averages only 70% FegOj 
and is considerably higher m silica, it commands 
a bettor price* on account of its bright colour. 
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Comparative analyses of these two oxides are as 
follows : 



Spanish, 

% 

Persian 
Gulf, % 

Ferric oxide .... 

90 60 

68 41 

Alumina 

2 87 

4 41 

Manganese dioxide 

0 15 

— 

Calcium oxide 

oSo 

1-26 

Magnesium oxide 

0 18 

— 

Water (combined) 

2-18 

3 00 

Silica 

3 36 

22 45 


99 84 

99 83 


In this country useful deposits are worked at 
Winford, Somersetshire, and m the Forest of 
Dean, Gloucestershire. The famous Crawshay 
red, averaging up to 95% FegOg, was obtained 
from the latter district, but is no longer worked 
Another good oxide is mined in Derbyshire, 
whilst from Brixham a well-known red of that 
name was obtained. 

Black Oxides of Iron. — ^IVIagnetite or mag- 
netic iron ore, Fe 304 , is found in Devonshire 
and Cornwall, associated with other mmerals 
in metalhferous lodes or voms. It crystallises 
m the cubic system, often occurring m small 
octahcdra. Micaceous iron ore or specular iron 
ore IS, however, a form of haematite, Fe 203 , 
crystallising in the hexagonal system, and occur- 
iing as masses of rhombohedral crystals, black 
in colour with a metallic splendent lustre. It is 
non-magnetio and contains no mica, but is em- 
ployed in anti- corrosion paints on account of its 
micaceous structure — platelets which “ leaf ” 
or overlay one another so as to offer additional 
lesistance to the penetration of moisture. If 
ground, it changes to a red powder, due to 
destruction of the crystal structure Those 
oxides are poor in colour and of weak tmting 
strength, and owing to their high density (4 5- 
5 0) they settle out rapidly in paints. Much of 
the black oxide used to-day is chemically pre- 
pared (v infra). 

Chemically Prepared Iron Oxide Pig- 
ments. Turkey and Indian Reds. — Those are 
prepared by the calcmation of ferrous sulphate 
or green copperas, FeS 04 , 7 H 20 . The cop- 
peras IS first dehydrated to remove as much 
water of crystallisation as possible and then 
heated in muffle furnaces to a temperature of 
about 850°c , precautions bemg taken to absorb 
the sulphurous fumes. It is then ground in 
water, washed, and levigated to remove coarse 
particles. The lighter and brighter reds are 
known as Turkey red, and the deeper reds 
obtained at the higher temperatures are known 
as Indian reds. Both approximate 97% FCgOg, 
but at the higher temperatures a denser struc- 
ture develops, resulting m weaker tmctorial 
strength and bluer undertone. 

Purple Oxides of Iron. — An mferior grade of 
Indian red is obtamed from the bummg of 
pyrites, FeSg, m the manufacture of sulphuric 
acid. Owing to.the high temperatures employed 
and lack of care (so far as pigmentary properties 
are concerned), these oxides vary m colour from 


that of deep Indian red to dark purple or choco- 
late They are very dense and hard and are 
seldom finely ground, so that bad settlement in 
pamts IS prevalent. They are weak in tinctorial 
strength and very blue m undertone. The iron 
content averages 85% FCgOg. 

Turkey red and Indian reds may also be made 
from galvamsers’ waste pickle liquors, by first 
neutralising the free acid by means of iron scrap 
and then treating the liquors with milk of lime, 
whereby ferrous hydroxide is precipitated By 
oxidation with air at low temperatures, products 
generally poor in colour are obtained, but on cal- 
cination these give bright rods of the Turkey 
and Indian red type. If the oxidation is carried 
out at the boiling -point, black magnetic oxide 
of iron 18 obtamed. 

Venetian Red was originally a natural red 
ochre found m the vicinity of Verpna, but the 
name is now applied to a manufactured oxide 
heavily reduced with calcium sulphate. 

Burntisland Red is a low-grade iron oxide 
obtained as a by-product from the extraction of 
aluminium from bauxite by the Bayer process. 
Bauxite, an impure aluminium oxide containing 
much iron oxide, is extracted by means of 
caustic soda, which dissolves the aluminium and 
leaves the iron oxide and unattacked clay as a 
residue or “ red mud.’’ The composition is 
variable, but it contains on the average some 
40% of ferric oxide and is a useful red where 
brightness or colour is unimportant. 

Ferrite Yellows. — Although chemically pre- 
pared oxides have been in use over many years, 
attempts to produce hydrated oxides yellow to 
orange in shade have in the past been relatively 
unsuccessful. Gradually, over the last 20 years, 
however, success has been achieved and to-day 
a whole range of yellows, brighter and stronger 
than the natural oxides or ochres lAe available. 
Ferrous sulphate solutions are pumped over 
scrap iron, the solution being simultaneously 
aerated, so that iron is dissolved and the ferrous 
sulphate solution oxidised. The ferric sulphate 
then partly hydrolyses to hydrated ferric oxide 
and sulphuric acid, the free acid then dissolving 
more iron thus 

1. 2FeS04+H2S04+0=Fe2(S04)3+H20 

2. Fe2(S04)3+6H20 

= Fe203,3H20+3H3S04 

3. 3H8S04+3Fe=3FeS04+3H2 

Considerable vsfriations in shade are obtamable 
by adjustment of temperature and concentration 
as well as pH. The ferrite yellows or mars 
yellows so produced are soft m texture, of good 
opacity and of excellent tinctorial strength. 
They possess a much higher oil absorption than 
natural ochres and, being free from silica, do not 
damage the steel rollers of modem paint milling 
machinery. They are easily dispersed m oil and 
can be standardised m a manner that is im- 
possible with natural ochres. Care is, however, 
necessary in certain cases, especially with oil- 
bound emulsions, as phase reversal may occur, 
due possibly to the presence of soluble salts or 
the hydrophilic properties of .these pigments. 
Trouble has also been experienced with fading 
in oil media. 
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Black Oxides . — From the reduction of nitro- 1 
benzene to aniline by means of scrap iron, a I 
black oxide of iron is obtained, which finds some | 
use as a pigment. It has infenor drymg proper- 
ties, due to tarry impurities, and is very weak 
in tinctorial strength. By carrying out the 
preparation of ferrite yellow at the boiling-point 
instead of at low temperatures, black oxides can 
be obtamed, possessing magnetic properties. 
These have excellent strength, are very fine, and 
possess quite remarkable polishing properties, 
imparting to glass, in particular, a bright lustre, 
verted mto bright reds. 

Physical Structure — The physical structure 
of hydrated oxides is important and has been 
investigated by means of X-ray diffraction 
spectra. According to Wagner (Paint and 
Var. Prod. Man. 1931, 34) they are amor- 
phous and transparent when freshly pre- 
cipitated, but upon ageing at ordinary tem- 
peratures, orientation occurs with development 
of crystal growth of the monohydrate, a- 
geothite, FegOg, H gO. If precipitated by means 
of lime, the resultant crystal form is pseudo- 
morphous after CaCO^. When dehydrated, 
all artificial hydrates exhibit a hsematitic struc- 
ture. By means of adsorption of basic dyes, the 
presence of silicic acid can be demonstrated, 
aluminium silicate only adsorbing the dye super- 
ficially and iron hydroxide not at all. Sienna 
from Tuscany exhibits the a-goethite structure, 
the particles being cemented together by col- 
loidal silicic acid. The following are the 
relevant British Standards ; 


272-1936. Natural Red Oxides of Iron. 

305- 1936. Manufactured Red Oxides of Iron. 

(Published with B.S. 272-1936 ) 

306- 1937. Black Oxide of Iron. 

312- 1937. Raw and Burnt Sienna. 

313- 1937. Raw and Burnt Umber. (Pub- 

hshed with B.S. 312-1937.) 
337-1937. Ochre. (Pubbshed with B S. 312- 
1937.) 

339-1937. Purple Oxides of Iron. (Pub- 
lished with B.S. 306-1937.) 
370-1938 Venetian Red. 

694-1936. Blended Rod Oxides of Iron 
(Published with B.S. 272-1936 ) 


Chromes, 

Of all the yellow pigments available, none 
have a wider application or are used in such 
quantities as the chromate pigments. This group 
covers a wide range of colours from primrose 
through golden yellow to scarlet and red. From 
them a still wider range of greens may be made 
by admixture of blues — mostly Prussian blue — 
which are known as chrome or Brunswick greens. 

In general the chromes possess excellent 
weather resistance, good opacity, and low oil 
absorption. They are not, however, resistant 
to alkalis, which cause reddenmg due to the 
formation of basic compounds, nor are they 
proof against discoloration m mdustrial areas, 
where sulphurous gases are present in the 
atmosphere. The chromates of lead are by far 
the most important, but those of zinc, barium, 
and calcium have certain applications, which 
will receive mention. 


Lead Chromes. — ^Middle chrome or golden 
yellow as it is frequently termed can be regarded 
as normal lead chromate, PbCr04. It is made 
by the precipitation of normal sodium or potas- 
sium chromate with a soluble salt of lead. The 
dichromate is, however, employed commercially, 
being neutralised with soda ash before the 
addition of the lead salt, thus : 

NaaCrgOTrf NaaC08=2Na2Cr04+C02. 

This is essential for the preparation of clean 
chromes, otherwise a large excess of acid will be 
liberated durmg precipitation. To avoid the 
possibility of any excess of alkali, which would 
redden the chrome, and to ensure stabihty, 
middle chromes are kept slightly acid, and excess 
lead should be present throughout. Thus the 
chromate solution is added to the lead salt solu- 
tion and not vice versa : 

Na 2 Cr 04 +Pb(N 03 ) 2 =PbCr 04 + 2 NaN 03 . 

Lead nitrate may be replaced by lead acetate, 
basic acetate, chloride, or basic chloride (as 
suspensions), but the best qualities are made 
from nitrate. 

Lemon chrome is a paler shade obtained by the 
co-precipitation of lead sulphate with lead 
chromate. This is not a mere mixture, nor is 
there any evidence of the formation of a double 
salt, but accordmg to Lederle (Rev. Prod. Chim. 
1937, 263) the load sulphate is present in solid 
solution in lead chromate. Whatever the pre- 
cise form, it is quite definite that lead sulphate 
stabilises the pale forms, for although lemon 
chromes can be made by striking cold m the 
absence of lead sulphate, such chromes revert 
to the middle shade on agoing. Lemon chromes, 
on agemg, undergo a change from rhombic to 
monoclmic form, accompamed by an appreciable 
alteration in sedimentation volume. This change 
can be accelerated by prolonged stirring or 
shght heatmg (Clay and Watson, J. Oil Col. 
Chem. Assoc. 1944, 27, 6). The hmits of com- 
position of this type of chrome may be con- 
sidered to be between PbCrO4,0-5PbSO4 and 
PbCr04,3PbS04. 

The method of manufacture is similar to that 
of middle chrome except that sodium sulphate 
is added to the dichromate and soda ash before 
running down mto the solution of lead salt. 

Primrose Chromes . — ^There is ^ limit to the in- 
creased paleness obtainable by the use of sul- 
phate, and if still paler colours are desired, other 
methods must be resorted to. The addition of a 
small amount of aluminium sulphate to the di- 
chromate solution before precipitation, followed 
by the appropnate amount of soda ash after 
precipitation to bring down the alumina hydrate, 
18 the usual method of making these pale shades, 
which are used prmcipally by the prmting ink 
industry. The finished product approximates 
to the composition PbCr04,3PbS04,Al(0H)3 ♦ 
All the above are struck cold, but the shade 
may be varied by raising the temperature where 
necessary. 

Orange Chromes. — ^Middle chromes, if boiled, 
or still more so if heated with caustic soda, 

• This corresponds to 3*8% of AI2O3 on the formula 
given. B.S. 282 is permissive to the extent of AI 2 O 3 not 
exceeding 4%. 
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deepen in shade and become basic m com- 1 
position. By varying the basicity of the pre- j 
cipitating liquors (c.g , by using basic lead i 
acetate) and by boilmg after precipitation, 
varying shades of orange chromes are prepared. 
The composition approaches that of 

PbCrD4,Pb{OH)2. 

As the shade deepens it becomes duller and the 
tinctorial strength weakens. 

Red Chromes . — A highly basic chrome of much 
brighter hue may be made usmg white load and 
dichromate solution. Bright deep reds possess- 
ing a marked crystallme structure are thus 
obtained. On grmdmg, the crystalline structure 
IS broken down and the colour becomes a dull 
orange. These rods wore kno^wn as Persian red, 
Chinese red, and Derby red and were used to a 
fairly large extent, but the production is now 
almost discontinued. 

Scarlet Chromes . — ^Much cleaner and brighter 
chromes are now made by the co -precipitation 
of lead molybdate with load chromate and sul- 
phate. These chromes darken somewhat more 
than yellow chromes on exposure, but their 
superior strength and obliterating power are a 
distinct advance on the older types. The com- 
position approximates to that of 

PbCr 04 ,PbS 04 ,PbMo 04 , ! 

Light’fastness of Lead Chromes — ^Although 
lead chromes may be regarded as quite durable 
and fast to light, occasional failures in this 
icspoct have occasioned investigation. Nitrate 
middle chromes are, by general consent, con- 
sidered faster and more satisfactory than acetate 
chromes. To some extent this may bo duo to 
impurities in commercial acetic acid, but 
Wagner (Paint and Var. Prod. Man. 1934, 
10, No. 6, 10) considers it may be due to 
crystalhne form, the monoclinic being more 
stable to light than the rhombic. Baker and 
Barraclough (Oil and Col. Trades J. 1939, 95, 1, 
142) have pointed out that chromes blacken 
more readily in oily media and suggest that inter- 
action with oil or driers to form peroxides, which 
in turn decompose the chrome, may be the cause. 

B S. 282-1938 covers lead chromes. 

Zinc Chromes. — Zmc chromes possess no 
definite chemical composition, nor do they form 
the range of shades obtainable with lead chromes. 
They are generally made only m pale shades, 
and are valued for the making of a bright range 
of greens, such as arc not obtainable usmg lead 
chromes. As yellow pigments they are not very 
satisfactory, possessing neither strength nor 
opacity. They are not reddened by alkali, and 
so may be used in distempers, which are often 
applied on alkaline cement or plasters, but are 
not very weather-resistant. 

The composition of zinc chrome is stated 
by Ellis, Fox, and Hirst (J. Oil Col. Chem. 
Assoc. 1928, 11, 194) to be approximately 
K2Cr04,3ZnCrO4,Zn(OH)2, and the method 
of preparatioft is given by Buchan and Fox (ihid., 
p. 198). In general, these pigments are made 
from zinc oxide and potassium dichromate in the 
presence of sulphuric acid. They are decidedly 
basic and appreciably water-soluble, so that 


washing of the precipitate must be brief, other- 
wise hydrolysis will proceed so far as to render 
the product useless as a pigment. Potassium 
is mvariably retained in the pigment when 
potassium dichromate is used ; sodium di- 
chromate IS not used on account of its greater 
solubility and hygroscopic nature. 

The chief merit of zinc chrome is in the pre- 
vention of corrosion, particularly of light alloys 
used m aeroplane construction. For this pur- 
pose the pigment is specially prepared, the degree 
of solubility in water and freedom from soluble 
salts of a corrosive nature (e.gf., chlorides, sul- 
phates, etc ) being very important. Specification 
D.T.D. 337 A (1946) proscribes methods of test. 

B.S. 389-1938 (published with B S. 282- 
1938) covers zinc chromes. 

Barium Chromate, BaCr 04 . — The mam 
use of this material (which has been considerable 
during the Second World War) is as a con- 
stituent of a jointing compound used m aircraft 
construction. A small quantity is used for 
pyrotechnic purposes, but this use is almost 
negligible in comparison with the mam use m 
jointing compounds 

The purpose of the jointing paste is to prevent 
electrochemical corrosion at the junction of 
two dissimilar metals (particularly if one of those 
is a magnesium alloy) in the presence of sodium 
chloride. The method of use is to apply a 
liberal coating of the jointing compound at the 
point where the junction is to be made before 
bringing the two paits together. 

The specification calls for a high standard of 
purity (98% of barium chromate) and a low 
limit 18 imposed on water-soluble matter m an 
oil varnish medium impregnated with banum 
chromate (Specification D.T.D. 369 (1938)). 

In contrast with both zinc chrome and calcium 
chromate, banum chromate is for all practical 
purposes msoluble in water. It is not therefore 
used to any great extent m anti- corrosion 
priming paints, in which cases, according to 
modem views, it is desirable to use a chromate 
pigment with a small but definite soluble 
chromate value. 

Calcium Chromate, CaCr 04 . — Calcium 
chromate has really only one use, and that is 
for corrosion-inhibiting cartridges used in air- 
craft fuel tanks. The material has been used 
for this purpose for some time, but it is only 
recently that a specification has been issued for 
it under D.T.D. 495. This specification defines 
limits for calcium content, total chromate con- 
tent, soluble chromate, volatile matter, and free- 
dom from impurities. 

Calcium chromate is relatively soluble in 
I water (much more so than zinc chrome) and the 
specification upper limit for soluble chromate 
calculated as Cr03 is 4 5%. Its comparatively 
high solubility makes it a not very easy pig- 
ment to manufacture, particularly as the top 
limits for sulphates, chlorides, and nitrates in the 
specification are 0-1% in each case. The 
difficulty, of course, is to wash out the unwanted 
soluble materials without at the same time 
reducing the yield of calcium chromate to an 
uneconomic figure. 

I The high soluble chromate value of calciun^ 

I chromate apparently makes it suitable for use 
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in places, such as fuel tanks, where a com- 
paratively very small proportion of water is 
present ; its solubility is too high for it to be a 
satisfactory paint pigment. 

Other Yellow Pigments. 

Cadmium Pigments. — A valuable range of 
pigments is supphed by cadmium sulphide, 
selenide, and telluride. Cadmium sulphide is 
yellow, and although cadmium selenide is a 
brownish-black of no interest, mixed sulphides 
and selemdes provide a pleasing range from 
orange to maroon, the latter approximatmg the 
composition CdS,CdSe, beyond which dull 
products result 

Those pigments may be produced by precipi- 
tation of cadmium salts with sodium sulphide or 
hydrogen sulphide or by the roasting of cadmium 
carbonate with sulphur. An extremely fine 
product may be produced by the simultaneous 
vaporisation of cadmium and sulphur out of 
contact with air, so that combination can occur. 
Brilliant lemon yellows may bo produced by 
melting sodium thiosulphate in its own water 
of crystallisation, adding cadmium sulphate and 
zinc oxide, and calcining at 400-500°c. 

For pale results, zmc-cadmium sulphides may 
be used. The term “ Cadmopone ” was applied 
about 1925 to mixed cadmmm-zmc sulphide and 
barium sulphate complexes, made in imitation 
of lithopone {q v.) (see Ward, J. Oil Col. 
Chem. Assoc. 1927, 10, 4). 

Cadmium sulphides have been used for many 
years as artists’ colours, but it was not until 
about 1933, when the price of cadmium fell to 
under 2s. per lb., that commercial interest was 
aroused. They are fast to light, of excellent 
opacity, and very low density — a marked 
advantage over chromes whore stoving finishes 
and cellulose lacquers are concerned. They are 
extensively employed in the decoration of 
ceramics, as unlike zinc sulphide, cadmium sul- 
phide is not oxidisetl on heating. 

Arsenic Sulphide or Kings Yellow, 
AS2S3. — Originally prepared from natural orpi- 
inent, ASgSg, it is obtained by precipitating an 
acid solution of arsenious oxide with hydrogen 
sulphide or sodium sulphide. It may also be 
prepared by heating together white arsenic and 
sulphur. It 18 a bright yellow pigment, but 
owing to the poisonous nature of arsenic com- 
pounds it IS now practically obsolete, except for 
its use m rubber. 

Orange Figments. 

Arsenic Orange, AS2S2, is a deep orange 
pigment, originally obtained from natural 
realgar, AS2S2. It may be prepared by fusing 
together white arsenic, sulphur, and charcoal. 

Naples Yellow. — Originally found native on 
Mount Vesuvius, it has the composition of lead 
antimonate. It may be prepared by fusing to- 
gether tartar emetic, lead nitrate, and common 
salt in the ratio 1.2.4 at 800°c. 

Au reo I i n . — ^An unusual pigment, discovered by 
Fischer, having the composition of a double 
mtrite of potassium and cobalt. It possesses no 
, advantage over yellow cadmium sulphide and 
IS seldom used. 


Antimony Sulphide. — Occurs naturally as 
black Stibnito, SbgSg. The red form, known as 
antimony vermilion, is produced artificially and 
was introduced by Murdock in 1847. It is pre- 
pared by heating together solutions of a soluble 
antimony salt and sodium thiosulphate. On 
reaching 32°c a yellow precipitate is formed, 
which deepens to scarlet when it is filtered, 
washed, and dried. It is still used as a pig- 
ment for rubber. An orange or golden yellow 
of similar composition is known as antimony 
yellow. 

Vermilion, HgS. — Identical in composition 
with mmeral Cinnabar HgS and prepared by 
the Chinese many centuries ago, it is made by 
heating together mercury and sulphur in 
crucibles, when the black sulphide first formed 
IS sublimed and deposited as red vermilion. It 
IS now made by agitating mercury with sodium 
sulphide solution in the presence of alkali under 
controlled conditions. Before the advent of 
anihne dyes, vermilion was prized for its bright 
colour and durability, and is still used by artists 
Its chief use now is m rubber (see B S 320-1938). 

Red Lead, Pb304, is produced by the con- 
trolled oxidation of metalhc lead, which is 
carried out in two stages. Fust, the load is 
oxidised at low temperature (350-400°c ) in a 
“ drossmg ” oven, whereby massicot, PbO, is 
formed. This is ground in water to remove 
metallic lead, washed, and dried, and again 
oxidised at a somewhat higher temperatuie 
(ca. 450°c ) in a “ eolouring ” oven, during 
which it IS continually stirred, mechanically or 
by hand. As the difference between the tem- 
perature of formation and of decomposition of 
Pb304 IS only r)0°c and the physical condition 
of the massicot largely determines the rate of 
oxidation, considerable care is required Red 
lead IS a very heavy pigment (p 8 8-9 1) of con- 
siderable opacity. It IS seldom used for its 
colour, but chiefly on account of its excellent 
anti-corrosion properties as a priming paint 
next to bare steel. Unless low in litharge con- 
tent, paints made with it will set like cement 
in a few days, and a non-setting grade is always 
used, for which the minimum content of 93 15% 
as Pb304 is specified in British Standard 217- 
1936 The ordinary quality contains 72% of 
Pb304 and can bo used provided the paint is 
used at once. The jomting quality, high in 
litharge to enable it to set quickly, contains 
43-72% of Pbp04. 

Orange Lead . — This is a special form of red 
lead made by calcination of white lead. It is 
paler, brighter, and of higher oil absorption than 
ordinary red lead and of much lower density 
(6 95). It 18 used in preference to rod lead by 
the printing-ink industry. 

Blub Pigments. 

Ultramarine Blue. — This was obtained 
originally by grinding of the precious stone lapis 
lazuli, a complex silicate of alummium and 
sodium containing sulphur and cjystallismg m 
the cubic system, which is isomorphous with 
hauyne, nosean, and sodalite. Since 1831 it has 
been prepared chemically by the fusing of china 
clay, soda ash, and sulphur or sodium sulphate 
together with a reducing substance such as 
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carbon or rosin. The colour is largely dependent 
on the silica-alumina ratio. The fusion opera- 
tion occupies 5 days, and the pots are allowed 
to cool in the furnace over some 25 days. They 
are then opened and the contents ground in 
water and levigated in shallow tanks until a 
range of shades, differing essentially in particle 
size, is obtained. The paler shades are finer and 
of better opacity. Ultramarine varies m shade 
from pale greenish-blue to violet, the latter being 
of poor strength and opacity. Ultramarine blue 
is extensively used in laundry work, m the sur- 
facing of paper, and as a pigment in paints. It 
IS defimtely hydrophilic and is the ideal blue for 
water paints and distempers. It is used m oils, 
but IS difficult to disperse. It is fast to hght 
and heat but not very weather-resistant. It 
resists affiahs but is completely decomposed and 
decolorised by acids, with evolutiqp of hydrogen 
sulphide. Part of the sulphur is present as such 
and can bo extracted by benzene or carbon di- 
sulphide (J Oil Col. Chem. Assoc 1912, 2, 121 ; 
1925, 8, 202). Ultiamarme free from uijcom- 
bmed sulphur is obtainable for printing ink 
whore copper plates are used. 

Many other shades of ultramarine have been 
obtained but few of these are made commercially. 
J3.S. 314-1938 covers ultiamarme. 

Cobalt Blue. — Cobalt blue or Thenard’s blue 
was introduced by Thenard and Proust towards 
the end of the eighteenth century. It is pre- 
pared by precipitation of a cobalt salt with alum 
and sodium cai bonato or with sodium phosphate, 
followed by calcination. It is a brilliant blue, 
very pure in tone, with a slight violet cast. It 
IS nearly transparent in oil, inert, and fast to 
light, heat, acids, and alkalis. It is extremely 
light and of fine texture and is unequalled for 
use in stoving enamels. 

Smalt IS really a cobalt glass prepared by 
fusing sihca, potash, and cobalt It has few of 
the advantages of cobalt blue and is seldom used 
now. 

Ceuilcan Blue is a variety of cobalt blue in 
which the alumina is replaced by tin. 

Copper Blues . — Mountain blue or azuritey 
2 CuC 03 ,Cu ( 0 H) 2 , Bremen blue, prepared by 
corrodmg copper with a mixture of common salt 
and copper sulphate, and blue verditer, obtained 
by precipitating copper sulphate with calcium 
chloride and treating with lime, are only of 
historical interest. Egyptian blue is of mterest 
as possibly one of the earliest pigments to be 
prepared chemically It was made by the 
some 3,000 years ago, and is a 
crystalline silicate of copper prepared by calcina- 
tion, It was known to the Romans as Coeruleum 
(Laurie, Proc. Roy. Soc. 1914, A, 89, 418) 

Prussian Blue. — ^The discovery of Prussian 
blue IS credited to Diesbach, of Berlin, in 1704, 
who obtained it by treating calcined blood with 
green copperas. The first published account of 
it IS by Woodward (Phil. Trans. 1724). It is 
formed by the precipitation of ferrocyanides 
with ferric salts, or by the interaction of ferri- 
cyanides with ferrous salts. It is, however, 
generally manufactured by first forming the 
white ferrous ferrocyanide and then oxidismg 
this to the ferric compound.* In this way better 
control of the oxidation process can be obtamed. 


and of the particle size, which in turn determines 
the tone and bronzmess of the product. It is 
known by a variety of names, which are not 
entirely synonymous. Chinese or Milori blue 
should bo free from bronze and of a clean greenish 
undertone. Prussian blue is non-bronzing but 
of a reddish undertone. Bronze blue, as the 
name implies, has a copper-bronze top-tone, due 
to a colloidal condition of the blue resulting in 
interference effects, especially when viewed at 
an oblique angle. Steel blues are light in shade 
and very fine in texture. Gas blues are of 
inferior quality, manufactured direct from gas 
liquors instead of the crystallised ferrocyanide. 
The composition is usually described as ferric 
ferrocyanide, but potassium or sodium are also 
present, so that blues are commercially described 
as potash, soda, or ammonium blues. For the 
preparation of greens m conjunction with 
chromes a non-bronzing blue should be used. 
Bronze blues are used primarily for printing inks. 

The method of manufacture consists first in 
preparing solutions of about 6-10% concentra- 
tion of ferrous sulphate and sodium or potaskum 
ferrocyanide. The latter is run into the former, 
a slight excess of ferrous sulphate being main- 
tained and the solution being kept acid. The 
white or pale blue precipitate of ferrous ferro- 
cyanide is flocculent and readily washed. The 
oxidation agent is then run m and the whole 
brought to the boiling-point until oxidation is 
complete. Potassium chlorate is the most 
reliable oxidising agent, but potassium di- 
chromato, chlorine, or sodium hypochlorite may 
bo used. Oxidation by means of air is too slow 
and tends to disperse the blue so finely that 
difficulty in filtering occurs. Excess of oxidising 
agent must bo av oidod, as apart from producing 
an inferior blue, such blues are liable to spon- 
taneous combustion durmg drying or grinding. 
The fully oxidised blue is then dropped into a 
large bulk of water, washed several times by 
decantation, and after decanting the last wash 
liquors, filtered and dried. 

Prussian blue is unattackod by acids, but is 
extremely sensitive to alkahs. This is very im- 
portant when using it in very pale greens ; the 
slightest trace of alkalinity will then lead to 
distinct yellowing of the finish. Alumma 
hydrate is often present, being deliberately 
added to improve flocculation and yield a softer 
blue. Properly prepared it is extremely fine 
and hght, although mmor differences in pro- 
cessmg can easily lead to a harsh gritty product. 
The particle size is 1 y. or below, a substantial 
proportion of particles being colloidal. It 
possesses very high tinctorial strength and is 
usually ground several times m oil to brmg out 
its full strength. It has a very high oil absorp- 
tion, 75-100%. Except in prmting, it is 
generally used with other pigments, e.gf., whites, 
as it 18 so deep as to appear almost black. It is 
fast to light (see B S. 283). 

Soluble Blue . — Prussian blue is soluble in ex- 
cess sodium ferrocyanide or oxalic acfd, and 
soluble blues are made in this way. Ordinary 
writing ink used to be of this type, but of recent 
years the use of blue dyes has almost ousted the 
old-fashioned ink, 

Brunswick Blue is a reduced quahty of Prussian 
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blue, containing much barytes. Celestial blue 
IS a still paler reduced blue. Antwerp blue is a 
mixed iron-zinc ferrocyamde blue. 

Green Pigments. 

Chrome and Brunswick ‘Greens. — 
Chrome greens are made from lead chromes and 
Prussian blue only, whereas Brunswick greens 
are further reduced with barytes or other ex- 
tenders. Chromium oxide greens are quite 
different in every respect, and care should be 
taken to differentiate between chrome green and 
chromium oxide green. 

Chrome greens provide a very wide range of 
shades. The palest greens are made from 
Prussian blue and primrose chromes. The 
middle and deep greens are usually made from 
lemon chromes, as the slightest trace of orange 
tends to produce bronze or quaker greens. For 
these, the dehberate addition of a trace of red 
oxide of iron or orange chrome, possibly with a 
trace of black, is resorted to. 

The^ great difference in density between lead 
chrome {p 6*9) and Prussian blue {p 1*95), as 
well as the very marked difference in particle 
size, leads to trouble termed “ floating,’* 
whereby the blue floats to the top of the film 
during the drying of paints. This can be scon 
by drawmg the finger across a film of green paint 
before it is dry, when a lighter strip will be left, 
which will gradually deepen provided the paint 
is not already almost dry. To avoid this tiouble 
the utmost care must be taken to ensure thorough 
dispersion of the blue throughout the chrome, 
and complete wetting and dispersion of both 
pigments by the oil Certain defects in the 
btrikmg of greens tend to^valds “ floating ” and 
precautions are taken to avoid these as far as 
possible. Chrome and Brunswick greens are 
now mostly produced by dry grinding of chrome 
and blue. There still persists a prejudice against 
such greens and where a co-precipitatcd product 
18 demanded the recommended procedure is to 
use only freshly stnick blue, which is oxidised 
and washed, and the wash liquors decanted. 
The lead -salt solution is then added to the blue, 
when some adsorption of lead on the blue occurs, 
and prevents colloidal dispersion of the blue. 
The chromate solution is then run m and the 
mixture stirred for some hours before washing 
(see details of making chromes and Prussian 
blues separately). Excessive washing is to be 
avoided, but the presence of soluble salts is 
undesirable. As already mentioned under 
Prussian blue, only non- bronzing blues of 
gicenish undertone should be used for the 
making of greens. Even the best greens will 
float when imperfectly ground in oils or var- 
nishes, or when media of poor wetting character- 
istics are employed, and sometimes it is desirable 
to mcorporate wettmg agents m the media to be 
used. 

Chrome greens are very fast to light and have 
excellent weathermg properties. Under some 
circumstances the blue may be destroyed first 
(e.g., by traces of alkali) in which case the green 
becomes yellower with age — this generally 
apphes to the paler shades. Under other con- 
ditions the chrome may be decomposed, resulting 
m a bluer or blacker effect with age — this often 


occurs with deep greens. They are, however, 
extensively used both for extenor and interior 
work and give excellent service. Occasionally a 
green paint will bleach m the tin — such paints 
may appear quite yellowish on openmg, but 
when brushed out dry back to their correct 
shade. This defect is due to reduction of the 
blue to the white ferrous ferrocyamde, which is 
readily oxidised in air. It may be due to traces 
of acid left m the blue or soldermg fluid in the 
tin reacting with the metallic container and 
generating enough nascent hydrogen to reduce 
the blue. 

Chrome greens are generally supplied m 
three shades, light, middle, and deep (Shades 
No. 25/26-27, British Standard 381-1930). 
Brighter and lighter shades such as Brilliant 
Green No. 21, Grass Green, No. 18, Sea Green 
No. 17, and Eau de Nil No. 16 can be made 
from the above by the addition of suitable 
white pigments. The bronze greens and quaker 
greens require the addition of red oxide of iron 
or orange chrome. Brunswick greens are obtain- 
able in the same wide range of shades as chrome 
greens. Owing to the great strength of chrome 
greens it is not necessary to employ them at full 
strength in all cases, and the durability of good 
quality Brunswick greens is quite satisfactory 
The cheapest qualities are, however, often so far 
reduced as to give inferior service. 

Zinc Greens. — Greens made from zinc 
chrome and Prussian blue are known as zinc 
greens. They may bo obtained pure or i educed 
as mentioned above They provide a brighter 
range of shades than chrome green, which is, 
however, more evident in the lighter shades, so 
that the range in use is not so wide. They ar(» 
fast to light but do not in general give such good 
seivico out of doors, nor do they possess the 
same obliterating power as chrome green 

As zinc chrome is not ncaily so heavy as lead 
chrome, the objection to producing these greens 
by dry grinding does not hold, and they are in 
fact mostly prepared by this means. They are, 
of course, of value where for any reason the use 
of lead IS prohibited, eg., in spraying of paints, 
etc. They are alkali-sensitive owing to the 
presence of Prussian blue. 

Chromium Oxide Green, CrgOg. — Chio- 
mium oxide may be prepared by igniting 
ammonium or sodium dichromate, either alone 
or admixed with reducing agents, throwing into 
water and grmding, washing, filtering, and 
finally drymg at high temperature to remove any 
water. Alternatively chrome alum or chromium 
salts may be precipitated with alkali and the 
precipitated hydrated chromic oxide washed 
and ignited. The product is substantially 
chromic oxide, CrgOg, and as such it is resistant 
to heat, light, acids, and alkalis, and finds ex- 
tensive use in the ceramic industry. It possesses 
a pleasing pastel shade unobtainable with any 
other pigment and is used in stoving finishes, 
c g,, for electric fires. It has good opacity when 
used alone, but its tinctorial strength is poor, 
so that it IS not much used for the production of 
tints. In distempers, however, it is useful as 
it resists hme, but the lime greens (dyestuff) are 
considerably cheaper. It is also used for colour- 
ing cement and m rubber as it is quite un- 
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affected by sulphur (see B.S. 318-1938, included 
in B.S. 303-1938). 

Viridian or Guignet's Green. — Discovered 
by Guignet m 1859, this is a hydrated oxide of 
chromium Cr203,2H20, prepared by fusmg 
together potassium dichromate and boric acid 
and throwing the mass into water. It is a much 
deeper green than chromium oxide, being 
almost transparent in oil. 

Emerald Green. — Known also as Schwein- 
furt or Pans green, emerald green is an aceto- 
arsenite of copper of the approximate com- 
position 7 Cu 0 Ac 2,3 CuAs 204. It possesses a 
delightfully clean and brilliant green colour un- 
obtainable in any other way, and in spite of its 
poisonous nature is still occasionally used in 
paints. It also has considerable use as an in- 
secticide The pigment has good opacity but 
weak tinctorial strength. 

Scheeles Green is copper arsenite 

Rinmann*s Green is a zino-cobalt green 
analogous to cobalt blue. 

Copper Greens . — Malachite is a basic copper 
carbonate, formerly used as a green pigment. 
It should be clearly differentiated from Mala- 
chite Green, which is a basic dyestuff Greeyi 
verdhter is a precipitated basic copper carbonate, 
no longer used. 

Verdigris is the basic acetate of copper pro- 
duced by the corrosion ot copper in the presence 
of acetic acid. Its only use now is in anti- 
fouling iiaints. 

Green Earth is a natural earth obtained 
from the neighbourhood of Verona, containing 
Glauconite, to which it owes its slight greenish 
colour It is valueless as a pigment, but is used 
as a base on which to adsorb green basic dyes, 
notably lime greens (see White and Green 
Earths under Extenders, p 629a ; see also under 
China Clay, p. 6315, and Lakes from Basic Dye- 
stuffs, p. 645d). 

Black Pigments. 

With the exception of black oxides of iron and 
ilmenite black, almost all the black pigments 
owe their pigmentary properties to carbon. In 
the industry the term “ carbon black ” is reserved 
for one type of carbonaceous black, viz. that 
which is derived from natural gas of petroleum 
origin. In order to avoid confusion this may 
be termed gas black, but such a description is 
by no means generally accepted or adopted. 

Lamp or Vegetable Black (v. Vol. II, 312a). 
— This pigment has been used for centuries, since 
long before the exploitation of petroleum, and 
was the purest form of carbon then available as 
a pigment. It was originally prepared by burn- 
ing vegetable oil (rape or colza) by means of 
lamps m a limited supply of air and collecting 
the soot so produced. A similar black was pre- 
pared in Chma from Chma-wood oil or tung oil, 
and was used in the preparation of Chinese or 
Indian ink. The name is now applied to any 
black- prepared in this way, and the materials 
used comprise the waste fractions rich in 
naphthalene from the distillation of coal tar, 
together with shale oils, crude mmeral oils, and 
petroleum distillates ; even fish oils have been 
used in the U.S.A. Besms produce coarse, 
sticky blacks. The best grades of black are 


obtained in furnaces of moderate size so built 
that the black is virtually calcined at the time 
of deposition and so carries with it little tarry or 
volatile matter. The collecting chambers are 
generally of brick, provided with baffles, so that 
the smoke has to travel several hundred feet 
before bemg vented to the atmosphere. The oil 
is burned m an iron dish some 4 ft. m diameter 
and 9 in. deep. The black may bo refined by 
heating it in cast iron boxes, in the absence of 
air, in order to destroy any tarry matter and 
expel gaseous impunties, during which a loss 
in weight of 15-20% occurs. 

The best qualities of lamp black are described 
as vegetable black, this being collected farthest 
away from the combustion end of the plant. 
It is blacker than common lamp black, and 
lower in ash and oily impurities. Neither 
vegetable nor lamp black is suitable for use in 
water paints, as owing to its slightly greasy 
nature it is not easily wet by water and is liable 
to separate badly. It is extensively used in oil 
paints, where its great strength and opacity 
together with its low density (I*7-I*8) and 
extreme fineness fill most of the requirements of 
a good pigment. Its colour is not so black as 
is that of gas black, being somewhat grey by 
comparison, and when reduced with opaque 
whites it produces greys of a bluish tint. It 
often contains an appreciable amount of oily 
matter, which together with the pronounced 
adsorptive properties of carbon, accounts for 
its tendency to retard the drying of paints. The 
particle size average 04 /a, and the oil absorp- 
tion is very high (90-140%). 

Carbon or Gas Black (i\ Vol. II, 3125). — 
This pigment is of more recent introduction, the 
first factory for its production being erected at 
New CumberlancL U.S.A., in 1872. It is made 
by burning natural petroleum gas in a limited 
supply of air by means of jets. The black so 
produced is condensed on a suitable surface, 
sometimes water cooled, of which a variety 
have been employed : 

1. Steel channels (Channel Process). 

2. Rotating discs. 

3. Fixed plate under which the burners rotate. 

4. Rotating rollers or cylmders. 

Of these, the first two are most extensively em- 
ployed. The reactions occurring during the 
burning of hydrocarbons in a deficiency of air 
have been studied by Bone (Phil. Trans. 1915, 
215, 275), whilst the qualities of the various 
natural gases have been reported upon by the 
U.S. Bureau of Mines, BuUetm No. 192, 1922. 
The percentage recovery of the carbon content 
of the methane and ethane present in the gas is 
low — only 2 5-3% of theory. 

Channel Process . — As some 90% of all gas 
black 18 made by this process, a bnef outlme 
will suffice. The gas is burnt from lava-tipped 
burners, accurately placed beneath steel channels 
which are provided with a reciprocating move- 
ment of 4-5 ft. Careful oquahsation of gas 
pressure throughout, and accurate control of 
ventilation, are necessary to obtain optimum 
yield. Scrapers remove the black from the 
channels and drop it mto hoppers, from which 
it IS conveyed mechanically to boltmg or sieving 
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machines, and is then packed in paper bags 
containing 12 J lb. each. 

Carbon black is much blacker in self- colour 
than vegetable black, and of very high staming 
power. When mixed with opaque ‘white to 
form greys, the tint so obtained is brownish. 
The density is 1 8-2 1 and the oil absorption 
about 150%. The particle size is approachmg 
that of colloidal dimensions, viz. 0*1 /i. Owing 
to the enormous surface of such finely divided 
pigment, marked adsorption of gases and mois- 
ture occurs. Carbon black is relatively easily 
wetted by water and may be used m distempers. 
It may, in fact, be differentiated from lamp 
black by the fact that merely shaking with ater, 
carbon black is sufficiently wetted to mix with 
the water, whereas lamp black will not do so. 
When carbon black is mixed with oil, some 
quahties produce a paste which flows smoothly 
whereas others do not. They are termed “ long ** 
and “ short ” flow blacks — “ long blacks 
generally contain a large amount of adsorbed 
gases and a correspondingly low carbon content 
and can be converted into “ short ” blacks by 
heat or vacuum treatment. 

Carbon black is extensively used by the 
rubber industry, where its effect on the mechani- 
cal properties of lubber is more important than 
its colour. Special grades of very small particle 
size are employed for this purpose, and the 
rubber industry ranks as the largest consumer, 
taking 70% of the total output. Printing mks 
(newsprint) accounts for a further 13% and the 
paint industry 10%. 

Thermatomic Black. — This is produced by 
the cracking or pyrolysis of natural gases under 
pressure, by which method considerable economy 
IS claimed, yields up to 30% of the carbon present 
m the gases being obtained. Thermatomic 
black IS considerably more bulky than ordinary 
gas black, has a still higher oil absorption, and 
possesses a particle size of about 0 1 /i. It is 
chiefly used for rubber manufacture and is 
somewhat grey in colour. When reduced with 
whites it produces bluish-grey tints. 

Acetylene Black. — This is produced from 
v asto calcium carbide at Shawinigan Falls, 
U.S.A. The carbide is treated with water to 
produce acetylene, which is then exploded in a 
deficiency of air. As acetylene oxidises exo- 
thermically, relatively little heat is required 
and pressures of 60-100 lb. per sq. in. are em- 
ployed. Acetylene black is inferior to gas black 
111 colour and strength, reductions with white 
pigments being bluish-grcy m tint 

Comparative Analysis of Various 
Biacks. 
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Bone or Ivory Black. — ^Ivory black was 
originally made by the dry distillation of waste 
ivory chips. It is now regarded as synonymous 
with bone l^lack. The bones are first degreased, 
and then boiled to extract the gelatin, after 
which the bones are submitted to destructive 
distillation m closed retorts. The residue con- 
tains much calcium phosphate, on which is 
deposited carbon in a very fine state of division. 
Far from bemg a low-grade product, it is in fact 
the blackest of blacks, and is prized for the 
purity of its tone. Owing to the high content 
of ash, often as high as 80%, the low carbon 
content results m low tinctorial strength, and 
these blacks are accordingly not used to produce 
tints by admixture with white. Their principal 
use is m the production of dead-black matt 
finishes, such as were used in old-time carnage 
decoration. Over this a black japan was applied, 
followed by two or more coats of varnish. In 
this way a depth of tone was obtained, which 
is absent from modern finishes. Bone black is 
used for black finishes, whore a really black 
colour IS desired. It has a much higher density 
than the blacks previously described, ranging 
fiom 2 6 to 2-8. By treating bone black with 
hydrochloric acid most of the calcium phosphate 
may be dissolved, when a very fine intense black 
remains. This is used in making the best giades 
of plate inks. 

The bulk of the bone black made is used for 
the purification of molasses and for dccolorisa- 
tion generally. 

Drop Black. — Originally, bone black used 
to be moistened with a little glue or gum and 
pressed through a perforated plate before drying. 
The separate pellets wore considered proof of 
genuineness and ficedom from adulteration with 
soot or other black. Although the practice has 
been abandoned the name persists and is used 
synonymously with bone or ivory black. Ac- 
cording to Wilkins (Oil and Col. Trades J. 1924, 
11G5) much of the bone or drop black used as 
pigment consists of spent animal charcoal used 
ui decolorising molasses. It was ground and 
washed, and it was this material, which when 
pressed through perforated trays to form 
“ drops,” was sold as drop black. 

Graphite (v. Vol. II, 313d) — Deposits of 
plumbago or black lead occur in Cumberland, 
where they are used m the making of lead pencils. 
Similar deposits occur elsewhere, presumably 
from the action of terrestrial pressure and heat 
on organic deposits rich in carbon. Graphite is 
a form of carbon, crystallising in the hexagonal 
system, characterised by perfect cleavage 
parallel to the basal pmacoid. It occurs in 
fisures in Ceylon, Irkutsk, and Borrodale, as 
bedded lenticular masses in gneiss in Canada, 
and as disseminations through country rock m 
the neighbourhood of veins m Germany, 
Austria, U.S.A. , and elsewhere. 

It IS the nearest approximation to diamond in 
composition, yet it is extremely soft by com- 
parison and possesses a greasy feel. It makes an 
excellent lubricant and is also capable of taking 
a pronounced polish. As a pigment, it is used m 
conjunction with carbonaceous blacks to make 
graphite paints, used principally on metal 
chimney and other surfaces required to with- 



PIGMENTS AND LAKES. 


641 


stand great heat. Its water repellant properties 
probably account for its vogue as an anti- 
corrosion pigment, graphite in contact with steel 
generally actmg as a stimulator of corrosion. 
Graphite is now manufactured from anthracite 
by heating in an electric furnace, and is ex- 
tensively used for the making of crucibles, 
electrodes, lead pencils, and as a solid lubricant. 
It has only a limited application as a pigment. 

Mineral Blacks. — ^A number of deposits of 
carbonaceous earths are woriced, some of which 
have a limited use as pigments. The best known 
m this country occurs at Bideford, Devonshire, 
where a seam about 2 ft. in thickness outcrops 
near the river. The best grade contains as much 
as 60% of carbon, the lower grades bemg used as 
fillers, etc. 

Comparative Data for High-ash Blacks. 
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B S Speci- 



fication 

285 

285 

(None) 

288 

306 


Black Oxides of Iron. — ^Micaceous iron ore, 
and magnetic oxide of iron, Fe 304 , are 
both used to a limited extent as black pigments. 
They may with advantage be used in conjunc- 
tion with carbon black or graphite where the 
latter is liable to burn away, as on exhaust 
manifolds, fire grates, etc. (see Oxides of Iron, 
p. 633a), 

llmenite Black. — Ilmemte or titamferous 
iron ore, FeTi 03 , was mtroduced by J. W. 
Ryland of Birmingham in 1865 and has a hmited 
use as a pigment. It is not so heavy as oxide of 
iron and is free from any tendency to “ float 
like carbon blacks 

Cobalt Black, CoO, is used m the pottery 
industry but its price is prohibitive for general 
paint use. 

Manganese Dioxide, MnOg, has been used 
as a pigment for colouring cements, but is chiefly 
used as a drier. 

Metallic Pigments, 

In the application of gold leaf to an adhesive 
coat of gold-size the gold fulfils the function of 
the pigment but can hardly be described as such, 
although it is perhaps the most effective use of 
metal for the purpose of decoration. Metals in 
the form of powder or flakes are used, but with 
the possible exception of aluminium, not 
extensively. 

Aluminium. — ^Aluminium powder is manu- 
factured from the waste, obtained in the pro- 
duction of foil, by further stamping, until it is 
reduced to powder. The metal is coated with 
stearic acid, to prevent the particles adhering 
together, and polished by the action of brushes 
in a revolving cylinder {v, Vol. 1, 278c, for further 
details). The product is graded as to lustre and 
fineness, and consists of thin platelets about 
2 microns in thickness and from 50 to 100 
Vol. IX.— 41 


microns in diameter. It h€ks good opacity and 
a distinctive hue, and when suspendecbin a suit- 
able medium the platelets float and become 
orientated parallel to the surface to which they 
are apphed. This is termed “ leafing ” and 
results in a high degree of reflection of light or 
heat and a corresponding low degree of absorp- 
tion or radiation. Hence alummium paints are 
commonly used on large storage tanks, roofs, 
etc., in order to mamtain a more equable tem- 
perature within during hot weather, and may 
be used to minimise heat losses on piping and 
tanks of hot water heatmg systems. It is a 
mistake, however, to paint radiators with 
aluminium pamt as this reduces the amount of 
radiation — dark matt surfaces provide greatest 
radiation. Aluminium, generally in association 
with other pigments, is also used m primer coats 
to reduce permeability to moisture. Added to 
shellac solutions or knotting, it is used as a 
sealer coat to prevent the “ bleeding ” of oil- 
soluble stams and dyes through subsequent 
coats of paint. Alummium powder can be 
used in od varnish, damar or other resinous 
media, cellulose lacquers or even water media. 
The choice of the medium must be made with 
care, and it is generally recommended that the 
powder be stirred in immediately before use, to 
obtain the brightest results. On keeping, such 
pamts graduaUy dull, although ready mixed 
paints are on the market (see B S. 388-1938, 
which includes a method of evaluating leafing 
properties (Appendix F)). 

Coloured aluminium powders are also avail- 
able, in which the alummium has been stained 
or coloured by moans of basic dyes fixed by 
suitable agents, usually tannic acid. 

Aluminium paste is now made, in which the 
powder is dispersed in white spirit. Such pastes, 
containing about 60% aluminium powder, may 
be used m place of the dry powder m any medium 
with which the white spirit is miscible, and have 
the advantage of reducing the dust problem. 
Further, substitution may be made pound for 
pound, as the paste form is so much more easily 
and eftectively dispersed that equal covermg is 
obtained. 

Copper Bronze. — Known popularly as “Gold 
Powder,” a whole range of bronze powders of 
various hues and fineness are available. Apart 
from their higher specific gravity, they can be 
used in just the same way as “ silver ” or 
aluminium powder. In acid media they are 
liable to develop a green colour duo to the 
presence of copper. 

Zinc . — ^Zinc powder in the form of a fine grey 
powder contammg 98% Zn has been employed 
as an anti- corrosion pigment. The particles are 
not flat and do not leaf hke alummium, setthng 
out rather badly. 

Lead . — Lead powder has good anti- corrosion 
properties, but is even more difficult to keep in 
suspension, and is httle used. 

Luminous Pigments. 

Luminescence and fluorescence are treated 
fully elsewhere (v. Vol. VII, 2016, 405; Vol. 
VIII, 20-45) and only brief reference need be 
made here. 
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Fluorescent pigments are those which glow 
only so l(5hg as they are subject to illumination 
from some mdependent source (e.j/., an ultra- 
violet lamp), whereas phosphorescent pigments 
continue to glow after irradiation has been with- 
drawn, the period of after-glow varying widely, 
but amounting to 8 hours or more in some cases 
Fluorescent pigments may be used for the 
coating of the mterior of gas-discharge lamps m 
order to modify the characteristics of the light 
emitted (e.g , daylight lamps) as well as for the 
preparation of signs of various types, which can 
be illuminated by concealed lamps. The following 
are some of the materials so employed : uranium 
salts, cadmium borate or chlorophosphate, cal- 
cium or magnesium tungstate, zmc or beryllium 
silicates, etc. 

Phosphorescent pigments are generally com- 
posed of the sulphides of zinc or cadmium, to- 
gether with the carbonates of the alkalme earths. 
The presence of suitable phosphorogens, e g , 
manganese, ooppci , or certain of the rare earths 
is desirable, but the exclusion of iron, lead, and 
other mimical impurities is essential. The 
above materials together with sulphur and a 
suitable flux, after heating at 800“l,000°o. under 
reducing conditions and cooling rapidly out of 
contact with air, are lightly powdered to produce 
a coarse crypto -crystalline product. The light 
emitted varies from red to violet and depends 
both on the mam components and on the phos- 
phorogens present, as well as o\\ the care with 
which the whole process is controlled 
Radioactive pigments containing mesothorium 
or similar materials to the extent of 0 0001% are 
practically self-activating and are commonly 
used on the hands of clocks and instruments 
required to bo visible at night. Care m the 
application of such materials is essential, in order 
to prevent operators absorbing radioactive com- 
ponents in any way. 

As might be expected, these materials are 
extremely sensitive to moisture and to the 
media used for application. In general, oils and 
oil-vamishes senously decrease the luminosity, 
solutions of resins or even aqueous media being 
preferred. Still bettor results are obtainable by 
dustmg the materials on to a tacky film, but 
unless some protection is afforded against mois- 
ture and dirt retention, rapid deterioration is 
inevitable. They have also been used success- 
fully m conjunction with plastics. 

Lakes from Natural Colouring Matters. 

The number of natural colouring matters used 
in pigments nowadays is very small and are more 
of historical interest than practical importance. 

The two mainly used to-day are 'Carmme from 
the cochineal insect. Coccus cactif v, Vol. Ill, 226, 
and Logwood lake from the vegetable colouring 
matter of the wood of the Logwood and Cam- 
peachy trees (v. Vol. VII, 378a). The latter is 
also used extensively m the textile industry. 

Others that may be used occasionally are 
Dutch Pink (actually yellow) from quercitron 
bark, Rose Madder from the natural madder 
root (v. Vol. VII, 435d) and Sepia from the ink 
bag of the cuttle fish, they all having a small use 
in artists’ palettes. 


Carmine {v. Vol. Ill, 226d) is the aluminium 
salt of carmmic acid obtained by boiling the 
cochineal insect with water and throwing out the 
msoluble lake by the addition of solution of 
alum. It is used in foodstuffs, cosmetics, and 
particularly the colouring of tooth-paste and 
dental plates. It is impossible at present, with 
lakes from coal-tar dyestuffs, efficiently to dis- 
place it. Carmme is msoluble in water but dis- 
solves to a bright crimson in ammonia. 

Logwood Lakes (Vol. IV, 126a ; VII, 378a) 
— Logwood extract is generally used rather than 
the logwood chips previously available. The 
extract is dissolved m water and the colour 
developed m the presence of chromium and iron 
by boiling with an oxidising agent, usually potas- 
sium dichromate on a base of aluminium hydr- 
oxide. It yields purple to black lakes, the 
blacks being prized for their depth of blackness, 
makmg pigments such as gas-carbon black and 
bone black look grey by comparison. The lakes 
have fairly good fastness to hght but pooi 
opacity and stammg power (“ The Chemistry of 
Natural Colouring Matters,” F. Meyer, trans. by 
A. H. Cook, Remhold Publishing Corp., New 
York, 1943). 

Chemically Prepared Pigment and Lake 
Colours. 

The definition of a lake given earlier does not 
separate very easily any specific group of pig- 
ments formed from coal-tar dyestuffs and inter- 
mediates, consequently the divisions in this 
article have been made by the method of 
manufacturing the insoluble pigment or lake. 
The reader will be referred as far as possible by 
cross reference in the Dictionary when specific 
dyestuffs or groups are discussed. The division, 
although not scientific, simplifies the grouping 
of dyestuffs and intermediates chiefly used by the 
pigment manufacturer as, of the many available, 
relatively few are satisfactory for lakes and pig- 
ments, the bulk being used in dyeing. 

Properties of Lakes and Pigment Dye- 
stuffs. — In the inorganic pigments, properties 
such as light fastness, oil solubility, acid, alkali, 
and heat resistance are common to the specific 
pigment, and although slight variations may 
occur due to the method of manufacture (such 
as lightfastness of lead chrome) the variation is 
within fairly narrow limits. This does not apply 
to the organic colourmg materials, as it is 
possible by modifymg the process of preparing 
the insoluble lake or pigment to alter consider- 
ably such properties as shade, lightfastness, oil, 
and water solubility. As an illustration. Methyl 
Violet (a water soluble basic dyestuff, C.I 680) 
can be laked by precipitation with tanmc acid, 
oleic acid, benzoic acid, and the complex acids 
phosphomolybdio and phosphotungstic, and the 
properties of the various lakes are modified 
considerably. 

Lightfastness , — ^It is extremely difficult to 
make compansons of this property, and the one 
in general use to-day “ Comparison with Madder 
Lake,” although reasonably satisfactory, leaves 
much to be desired. There are a number of 
factors that influence the light fastness, such as 
the medium in which the pigment is exposed. 
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the strength of the pigment and the^ amount | 
present per unit area, the composition of the 
other materials m the mix, humidity, and quality 
of atmosphere, etc. For this article the fastness 
of Madder Lake is taken as 10, and comparisons 
made against that figure (K. Mackenzie- 
Richards, J. Oil Col. Chem. Assoc. 1944, 3). 

Fastness to OiL — Some lakes and pigment dye- 
stuffs are completely insoluble m drying oils, 
whilst others bleed very slightly and some bleed 
quite badly. If a film containing a pigment 
that bleeds is overcoated or lined with a white 
there is a danger that the white will be coloured 
by the bleed. Acidity of media, type of resin 
and solvent used all affect this property. In the 
charts following, fastness to solvents, water, 
alkali, and heat are given but they are mostly 
comparative and should be accepted with 
caution, i.e., fastness to alkali would the 
ability of the pigment to withstand the free lime 
in a plaster, and does not refer to caustic alkali 
(H. Jones, “ Organic Colours for Rubber,’’ J 
Oil Col. Chem. Assoc. 1940, 244). 

Variation in Shade and Strength of Dyestuff , — 
Very often the dyestuff manufactuier markets a 
lange of shades and strengths in one dyestuff. 
The strength is‘ indicated by figures such as 
Tartrazme 200 which means that it is 200% or 
double the strength of the original standard and 
the shade or tone is indicated by various initials, 
showmg, in the case of a green or red, blueness or 
yellowness. Unfortunately, paiticularly in the 
case of strength, there is little relationship 
between the various manufacturers’ figures, and 
the lake maker generally standardises before 
laking. 

Division According to Manufacturing 
Process. 

A. Pigment Dyestuffs. — From colourless inter- 
mediates requiring diazotisation and coup- 
ling {v Vol. IV, 234) 

1. Those forming complete pigments in 
themselves and require no further 
processmg other than, if necessary, 
reducing Avith an extender. 

2 Those consisting of insoluble or sparingly 
soluble acid dyestuffs, usually m the 
form of their sodium salt, and re- 
quiring further processmg with a 
metallic' salt to convert them into 
lakes. 

B. Lakes from Acid Dyestuffs (v. Vol IV, 203). 
— The primary colourmg matters of this 
group are soluble dyestuffs contammg salt- 
forming groups (sulphomc or carboxylic) and 
are converted into insoluble lakes by precipi- 
tation with metallic salts, often requirmg 
a base or substratum to complete precipita- 
tion. Where a base is not present they can 
be termed “ toner lakes.” 

C. Lakes from Basic Dyestuffs. — ^The primary 
colourmg matters are soluble dyestuffs con- 
taining salt-forming groups (usually ammo) 
that are converted into lakes by a certam 
acid — many requirmg a base or substratum 
for complete precipitation. Where a base is 
not present they can be called “ toner lakes.” 


D. Derivatives of Anthraquinone (v, Vol. 1, 387). — 
In this division the mordant and vat dye- 
stuffs will be considered, the sulphonated 
anthraqumoncs bemg dealt with under acid 
dyestuffs. 

Those that do not fall easily under the above 
headmgs will be considered at the end. 

Lake Bases. — In certain instances it is 
essential to have a base or substratum present 
to obtam complete precipitation of the dyestuff 
and/or obtain the required pigmentary proper- 
ties. A number of the reducing whites already 
discussed are sometimes used, acting as dispersers 
of the precipitated dyestuff, but generally a pre- 
cipitated white, such as aluminium hydroxide, is 
used which takes part in the reaction and assists 
precipitation. The whites named below may be 
present in a lake. 

Aluminium White is usually described as 
Al2(OH)e but varies in its content of basic 
aluminium sulphate and in its chemical and 
physical properties according to the particular 
method of manufacture. An average formula 
would be 5 parts soda ash dissolved and added 
to 10 parts of alummium sulphate. Concentra- 
tion of solution, temperature of precipitation, 
and a variation in the amount of soda ash all 
contribute their part m the properties of the 
finished base. Potash, soda, and ammonia 
alum can be substituted for the aluminium sul- 
phate, and caustic alkali for the soda ash. 

The following show the various stages of 
precipitation as the soda ash runs into the 
aluminium sulphate . 

Al 2 {S 04 ) 3 l 8 H 20 +NaaC 03 -f H^O 

Ala(S 04 ) 2 ( 0 H) 3 +Na 2 S 04 +C 0 a 
Al2(S04)2(0H)2+Na2C03+H20 -> 

Al2(S04){0H)4+Na2S04+C02 

Al 2 (S 04 )( 0 H) 4 +Na 2 C 03 +Ha 0 -> 

Al 2 ( 0 H) 3 -fNa 2 S 04 -fC 03 

The formation of basic sulphate is favoured 
by using cold dilute solutions. After precipita- 
tion the base is washed and is then ready for 
lake making. 

Alumina Blanc Fixe, Al 2 ( 0 H) 3 ,BaS 04 . — 
If the alummium hydroxide as prepared above 
is not washed, but a sglution of barium chloride 
added, barium sulphate is precipitated m inti- 
mate association with the aluminium hydroxide. 
Advantage of this is often taken when acid dye- 
stuffs are to be laked, m which case the dyestuff 
18 dissolved and added to the aluminium hydr- 
oxide before washmg, and sufficient barium 
chloiide added to precipitate both the dye as 
the barium salt and the sulphate as barium 
sulphate. 

Satin White is a mixture of calcium alummate 
and calcium sulphate and used for the prepara- 
tion of pulp colours for paper surfacing work. 
It IS prepared from calcium hydroxide and 
alummium sulphate by double decomposition. 

Al 2 (S 04 ) 8 + 6 Ca( 0 H) 2 -^^ 

Ca,AI,0,+3(CaS0«,2H,0). 
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Its use is restricted by the fact that many 
barium lakes cannot be precipitated onto it 
owing to reaction taking place between them and 
the calcium sulphate. 

Other precipitated whites used are aluminium 
phosphate, blanc hxe, and to a lesser extent 
alummium arsemte and aluminium silicate. 

Although certain dyes will precipitate without 
the presence of a base, others require a base. 
There is an optimum amount of dye that will 
precipitate, extra dye often reducing the 
brilliancy and strength of the lake. The average 
lake would contain 10-20% dye but as the dye- 
stuff itself vanes m strength this might vary 
considerably. 

A. Pigment Dyestuffs. Sub-section 1. 
— ^This group probably contains the most im- 
portant members of the organic pigments derived 
from coal-tar intermediates and a wide range of 
shades is available. They are mamly azo pig- 
ments where the diazotisation of an amine and 
the couplmg with other substances, mainly 
phenols and naphthols, produce an insoluble 
pigment dyestuff which, after washing, drying, 
and grmdmg, can be used without further 
processing. 

For diazotisation and coupling, v. Vol IV, 
195. 

The nomenclature generally of organic dye- 
stuffs and the pigments and lakes made from 
them requires standardising, as most pigment 
manufacturers have their own trade names and 
are not always prepared to divulge the par- 
ticular couplings. For the purposes of this 
article the generally accepted name will be 
used and wherever possible the number 
in the colour index given (F M. Howe, 
“ Colour Index,” Society of Dyers and Colourists, 
1924) 

The following are a few of the more important 
pigments falhng in this group. 

No In 
Colour 
Index 

69 Helio Fast Scailct • 3-nitro-4-toluidine 
-{-)3-naphthol 

44 Paramtraniline Red YS : 4-nitroanihne 
-f jS-naphthol. 

Paranitraniline Rod BS, about 10% of 
the j3-naphthol is substituted by 2- 
naphthol-7-sulphonic acid 

Permanent Red R : 2-chloro-4-nitro- 
aniline-|- j8-naphthol. 

Permanent Red 2G: 2: 4-dinitroanilme 
-l-j3-naphthol. 

Permanent Red F4RH ; 6-chloro-2- 
toluidme+chlorotoluidide of j3-hy- 
droxynaphthoic acid. 

Hansa Yellow G ; 3-nitro-4-toluidine 
-f acetoacetanilide. 

Hansa Yellow 6G; o-nitroamline-f aceto- 
acetanilide. 

Hansa Yellow lOG : p-chloro-o-nitro- 
aniline+ acetoacet-o-chloroanilide. 

Benzidine Yellow : dichlorobenzidine 
-f acetoacetanilide. 
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A Pigment Dyestuffs. Sub-section 2. — In 
this group, after diazotisation and coupling, the 
sodium salt formed is insoluble or sparingly 
soluble m water and although often used in this 
condition for printing inks, plastics, and rubber, 
further processing with barium, calcium, 
strontium, or zinc modifies the properties of the 
pigment, particularly the tone and fastness to 
light. 

Considerably increased strength can bo ob- 
tained by adding, during the laking process, 
suitable dispersive agents, notably rosmates. 
Sodium rosinate can be added to the suspension 
of the sodium salt of the dyestuff and on the 
addition of calcium chloride the calcium lake of 
the dyestuff is formed together with calcium 
rosinate. It is then boiled to obtain full depth 
of shade, washed and dried. These highly 
dispersed lakes are useful for certain purposes, 
but exhibit thickening properties when used 
with acidic media, and have a tendency to bleed 
more freely than the normal calcium or barium 
salt. 

The following are typical of this group . 

Lithol Red R ((7./.189). — 2-Naphthylamine-l- 
sulphonic acid-f)3-naphthol. 

Calcium or barium salt generally used, the cal- 
cium being bluer and rather duller than the 
barium; for very yellow shades zinc can be 
used, but gives very little advantage over the 
sodium salt used alone. 

Lake Red C (G./.166). — 6-Chloro-3-toluidine-4- 
sulphonic acid-f j8-naphthol. 

Barium salt used and known as Bronze Scarlet- 
when made in full strength. 

Lithol Rubine BN or 4B {CJ, 163). — 4-Tolui- 
dme-3-sulphonic acid-f )3-hydroxynaphthoic 
acid. 

Laked as barium or calcium salt, the latter being 
known as Lithol rubine BKN or. Lithol rubine^ 
4B toner. 
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B. Lakes from Acid Dyestuffs. — ^Many 
dyestuffs from various chemical groups fall 
under this heading. Some like Pigment Scarlet 
III B. (C 1.216) and Ponceau Scarlet (C.I.79) are 
azo dyestuffs which after diazotisation and 
coupling are soluble m water. Representatives 
from the pyrazolone, thiazole, nitroso, xanthene, 
anthraquinone, and phthalocyanmo dyestuff 
groups are also found, their common factor 
being that they are soluble in water and can be 
precipitated by a salt of barium, calcium, or 
aluminium, giving an insoluble compound with 
good pigmentary properties 
Except in specific instances, such as Eosm 
(Vol. IV, 310) and the nearly related phloxine, 
erythrosine, and Rose Bengal, the acid dyestuffs 
require a base or substratum to be converted 
into true lakes (see Lake Bases, p. 643c). 
Aluminium white is probably the most common. 
A tartrazine lake can be taken as a typical illus- 
tration of the method of manufacture. The base 
IS first made by the addition of soda ash to 
aluminium sulphate and is well washed. The 
dye IS then dissolved and added to the base 
followed by a solution of barium chloride. This 
lake, termed a “ lacquer lake ” because of its 
transparency, is used by prmting-ink manu- 
facturers for tin printing mks. 

Another example is Ponceau Scarlet (an acid 
azo dyestuff soluble in water). 

Here the aluminium white is made but not 
washed, and a solution of the dye added ; 
sufficient barium chloride is then added to 
precipitate the dye as the barium salt and the 
soluble sulphate as blanc fixe. 

The following are a few dyestuffs commonly 
laked by the above methods ; the list indicates 
the varied types of dyestuff for which the above 
methods of lakmg are suitable. 

No. in Colour 
Index 

Tartrazine (pyrazolone) .... 640 

Ponceau Scarlet (sulphonated azo dye- 
stuff) 79 

Soluble copper phthalocyanine (sul- 
phonated phthalocyanine) ... — 

Alizarine Cyanine (sulphonated an- 
thraquinone) (v. Vol. 1, 206) . . 1,063 


Alkali Blue (sulphonated triphenyl 
pararosaline) (r. Vol. 1, 2336) . . 704 

Naphthol Green (nitroso) ..... 5 

Eosin (tetrabromofluorescein) (v. 

Vol. IV, 316) 768 


A special brand of Alkali Blue is made for the 
production of “ Reflex Blue,” a toner lake used 
by prmting-ink manufacturers for tinting blacks 
and prmting blues with a high sheen. 

The Eosms are among the few soluble acid 
dyestuffs that will precipitate completely with- 
out the presence of a base. The precipitating 
agent is usually lead nitrate or acetate and the 
“ toner lake ” thus formed is called “ Bronze 
Red.” 
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An insoluble pigment can be made by precipi- 
tating a basic dyestuff with an acid dyestuff. 
Only a very few combinations are satisfactory, 
one of the most important being Methylene 
Blue (C.I.922) as the basic dyestuff, and Alizarine 
Cyanine (C.l 1063), as the acid dyestuff. This 
gives an msoluble blue lake with good fastness to 
light, hme, and water. 

C. Lakes from Basic Dyestuffs. — Here 
the soluble dyestuff is precipitated by a weak 
acid and until the advent of the complex acid 
precipitations (phospho tungstic and phospho- 
molybdic) the lakes generally were considered 
to bo brilliant but fugitive. The basic dyestuffs 
used in lake making are few in number compared 
with the acid dyestuffs but they are charactensed 
by their great strength and brilliancy. The 
following SIX are the most important and the 
total used for producing lakes would probably 
not be more than fifteen. 

Colour 

In(}ex. 

Methyl Violet — ^tiiphenylmethane group 680 
Victoria Blue — triphenylmethane group 729 
Malachite Green — triphenylmethane 

group 667 

Brilliant Green — triphenylmethane 

group 662 

Auramine — ^Ketonimine group . . . 666 

Rhodamine — Xanthene group . . . 749 

They can be laked by the precipitation of the 
dyestuff in the presence of aluminium hydroxide- 
or phosphate as : 

tannates, using tannic acid ; 
rosinates, using sodium rosinate ; 
benzoates, using benzoic acid ; 

and other methods such as using Turkey Red* 
oil (sulphonated castor oil), silicates, arsenites. 
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etc., and in the absence of a base by the complex- 
acid precipitations. 

The following are formulae for laking the basic 
dyestuffs with different precipitating agents. 
It will be appreciated that considerable variation 
IS possible in the method, but the illustrations 
are typical. 

Tanmc Acid. — Dissolve 15 parts of soda ash 
and run into 30 parts of aluminium sulphate. 
Wash the aluminium hydroxide so formed 
and add 1 part basic dyestuff as 1% solu- 
tion. Then dissolve 1 part tannic acid and 

1 part sodium acetate and add to the above 
slowly with constant stirring. On examina- 
tion the dye will be found to be fixed on the 
base and the lake can bo washed and dried 
at a low temperature. 

The sodium acetate is present as a buffer, as the 
dyestuff is usually in the form of its hydro- 
chloride and releases hydrochloiio acid when 
reacting with the tannic and. 

Benzoic Acid. — 1 part basic dyestuff dissolved 
and added to 7 parts aluminium sulphate 
Then dissolve 9 parts sodium benzoate and 
add slowly, when the dyestuff will be precipi- 
tated on to a base of aluminium benzoate 
precipitated simultaneously Wash and dry 
at a low temperature. Sodium silicate can 
be substituted for the benzoate 

Complex Acid — 1 part basic dyestuff dis- 
solved and the following solution added . 

2 parts sodium tungstate, 0*5 parts sodium 
molybdate, 0 5 parts sodium acid phosphate. 
After precipitation, raise to boil and wash 
free of soluble salts and dry. 

The basic dyestuff lakes (other than the complex 
acid precipitations) generally have poor fastness 
to light, are brilliant, and used mainly by 
printing-ink manufacturers for purposes where 
their fugitive character does not matter 

Considerable increase in fastness to light as 
well as complete precipitation of the dye in the 
absence of a base can be obtained by the use of 
phosphotungstic and phosphomolybdic acid. 
To obtain the maximum strength, fastness to 
light and insolubility in oil, each dyestuff requires 
varying proportions of the complex acids, and 
considerable work has been done on this typo of 
precipitation during the past thirty years. 

Green-earth Precipitations. — ^A series of lakes 
can be prepared without further precipitating 
agents by the addition of a solution of the basic 
dye to green earth (terra vorte) {v. Vol. VI, 
136). Probably due to the high percentage of 
ierrous silicate in the green earth the dyestuff 
is fixed to the extent of 10%, and the resultant 
lakes, particularly those made with Auramine, 
Brilliant Green, and Victoria Blue, make d wide 
range of shades of lime greens used to a large 
extent in the cheaper types of distemper. 

D. Derivatives of Anthraquinone {v. 
Vol. I, 387). — These can conveniently be divided 
into three groups : 

j 1. Adjective dyestuffs where the colour is 
developed in the presence of a mordant. 
Alizarins {v. Vol. I, 203). 


2. Sulphonated and rendered water-soluble 

and dealt with under acid dyestuffs 
(r. Vol. I, 210). 

3. Vat dyestuffs {v. Vol. I, 408). 

Group 1. — The alizarins (hydroxyanthra- 
quinones) are the most important. They are 
generally termed Madder Lakes and in the main 
are the aluminium salts of ahzann. In practice 
it IS found that aluminium alone does not give 
altogether satisfactory results and it is necessary 
to have present calcium salts, phosphates, and 
Turkey Ked oil (sulphon.itcd castor oil). The 
alizarins, of which a number of shades are avail- 
able, are generally sold to the colour maker as a 
20% paste with water 

The method of manufacture is to make an 
aluminium phosphate-white and, after washing, 
to add the alizaim (either as a paste or dissolved 
in soda ash) together with calcium chloride and 
Turkey lietl oil The suspension is then brought 
slowly to the boil and kept boiling until maxi- 
mum brilliancy is obtained. 

The crimson alizarin (mainly l*2-dihydroxy- 
anthraqumono) is the most important, but other 
shades containing varying hydroxyl groupings 
are available as Seailet, Orange, and Bordeaux 
The addition of salts of iron, manganese, and 
copper are used to modify the tone 

The madders are ( haracterised by their good 
fastness to light and insolubility m most media, 
but they have poor opacity and aio not par- 
ticulaily strong 

Group 2 — See Groiqi B, Lakes from Acid 
Dyestuffs, p 645u. 

Group 3 — Obaiai tenstie of the vat dyes'tuffs 
IS their property of being converted, through the 
action of alkaline i educing agents, into soluble 
hydro-compounds possessing affinity for veget- 
able and sometimes animal fibie. These 
absorbed hydro-compounds are fixed in the fibre 
by subsequent oxidation, which usually takes 
place on exposure to air, whereby they are 
reconverted to the original insoluble dyes. 

Only a few are satisfactory as pigments, 
Indanthrene Blue (C.1.1115) being a typical 
example. They have not made any great head- 
way for the production of lakes, owing chiefly 
to their very high cost, Ibw staining power, and 
lack - of brilliancy, and, although as textile 
colours they are renowned for their extreme 
fastness to light, they have not shown this 
property m lakes to such a marked extent 

For the preparation of pigments the dyestuff 
is simply mixed with the substratum. Although 
it 18 possible to reduce and then reoxidise in the 
presence of the substratum, giving, of course, 
intimate distribution throughout the base, the 
method is not altogether successful. 

Other Pigment Dyestuffs. — The following 
do not fall easily under any of the foregoing 
groups : 

Nitroso Compounds (see also Naphthol Green, 
an acid dyestuff). — Of the insoluble types, only 
one is of any interest. Pigment Green B. It is 
insoluble when made m oil and water with good 
fastness to light, good strength and excellent 
resistance to lime. 

It is manufactured by the addition of ferrous 
sulphate to a solution of the bisulphite compound 
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of l-iiitroso-2-naphthol» being related to the acid 
dyestuff Naphthol Green, which is soluble in 
water and dealt with under acid dyestuffs (F. M. 
Bowe, J. Oil Col. Chem. Assoc. 1938, 189). 

Aniline Black (Vol. II, 137a). — Produced by 
the oxidation of aniline hydrochloride with 
chlorates or dichromate, copper salts sometimes 
being present (Colour Index 870). 

It has good fastness to light and is insoluble 
in oil and most organic solvents. It has a jet 
black mass tone, a very high oil absorption, 
and poor opacity. 

Phthalocyaninea {see this Vol , p. 617c) — 
This group gives to the pigment user some 
excellent greens and blues. At present there 
are four important members : 

1. Copper phthalocyanine . Blue. 

2. Chlormated copper phtha- 

locyanme .... Green. 

3. Metal-frce phthalocyanine Greenish-blue. 

4. Sulphonated copper phthalocyanine (soluble 

in water and dealt with under Group B, 

Lakes from Acid Dyestuffs, p 645a. 

Characterised by resistance to treatment with 
hot dilute hydrochloric acid or caustic alkali, in- 
solubility in organic solvents, excellent resistance 
to heat, and fastness to light, they have found 
an important place in practically all colour- 
using industries. Mixed with yellows (lodd and 
zinc chrome, Hansa yellow) a fine range of greens 
can be produced (M. H. Maddick, “Phthalo- 
cyanine Colouring Matters,” J, Soc. Dyers and 
Col , May, 1946). 
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PIMENTO. The dried full-grown but un- 
ripe fruit of Piinenta officinalis Lindl. (Fam 
Myrthaceso), indigenous to the West Indies, 
though largely cultivated in Jamaica, whence 
our supplies are derived, and to a lesser extent 
in Central America. The plant is an evergreen 
tree rising 25-40 ft. in height with an erect 
trunk and a round-topped crown. It bears 
small white flowers with inferior two-celled 
ovaries. The sub-globular berries are 4-8 mm. 
in diameter with four small calyx teeth at the 
apex forming a minute ring. The fruit is 
generally two- but occasionally three- or one- 
celled, and differs in this respect from cloves, in 
which one seed only develops. The fruit is 
gathered while still green, i)ut soon turns purple 
in the sun and becomes brown and warty on 
drymg. The characteristic flavour is due to the 
presence of from 2 to 6% of volatile oil and on 
account of its resemblance to a mixture of clove, 
cinnamon, and nutmeg, pimento is commonly 
called allspice. The pericarp is woody, brittle, 
and about 1 mm. thick and contains numerous 
oil glands. The seeds are blackish-brown in 
colour, plano-convex, and slightly roughened 


and shiny on the outside, and are separated by 
a thin papery layer. Its chief use is as a condi- 
ment and to a lesser extent as an aromatic 
stimulant and carmmative, but its use in 
medicine is diminishmg and it is no longer 
official in the pharmacopoeias. 

Microscopic Appearance — ^The chief structural 
components- of the ground fruit are (1) the small 
polygonal cells and stomata of the outer layer 
of the pericarp with shoit, thick- walled hairs, 
under ivhich are the oil cavities in the par- 
enchyma, and (2) the minute starch grains of the 
embryo, mostly in pairs or triplets, but some- 
times single, and usually about 8/i and not 
exceedmg I2p, in diameter with a distinct 
hilum. Other characteristics are the abundant 
lignified schlerenchymatous cells of the pericarp, 
the conspicuous port-wmo coloured parenchy- 
matous colls of the spermoderra, and the ground 
parenchyma of the embryo containing volatile 
oil cells and starch grains Owing to the dark 
colour it IS preferable to extract with alcohol 
and sodium hydroxide before examination. 

Chemical Composition . — The most important 
constituent is the essential oil, which is best 
determined by the method of Cocking and 
Middleton (Quart. J. Pliarin. 1935, 8, 435). 
The powdered fruit is mixed with brine, distilled, 
and the vapours passed through the top of a 
condenser into a graduated tube, in which the 
oil IS collected whilst the condensed water is 
returned to the distillation flask. An air inlet 
and outlet is provided by means of a side tube 
below the condenser, but above the graduated 
tube. As pimento oil is heavier than water a 
small quantity of turpentine oil is distilled with 
water in the apparatus before the spice is added, 
the volume of the turpentine fraction is read 
and this is subtracted from the final volume of 
the oil. Cockmg and Middleton found that the 
yield of oil is increased slightly by powdering 
the fruits before distillation, but that the 
powdered drug loses oil on storage. For further 
details of the oil, v, Vol. VIII, 660c^. 

The following table gives the composition of 
pimento fruits, as found by numerous workers 
(Richardson, U S Dept Agr., Div. Chem. 1887, 
Bui. 13, 11, 227 ; Winton, Ogden, and Mitchell, 
Connecticut Agr. Exp Sta. Rep. 1898, 184; 
Arragon, Ann. Falsif. 1915, 8, 345 ; Inland Rev. 
Dept. Canada Bull. 1917, No. 403) and the 
author ; 



Max. 

Min. 

Average 


%. 

%. 

%. 

Water 

11 3 

5 5 

9-7 

Ash . .... 

6-2 

3-4 

4-4 

Ash, soluble In water . 

2 7 

2 3 

25 

Ash, insoluble In HCI 

01 

00 

0-05 

Essential oil ... . 

60 

20 

42 

Fat 

7 7 

3-7 

5-8 

Starch (diastase) 

38 

18 

3-0 

Starch, crude 

22 5 

16 5 

20 0 

Protein . . 

69 

40 

58 

Fibre . 

24 0 

13-4 

22 4 

Tannin, crude . . . 

12 8 

8-0 

9-7 

Alcohol extract . 

14 3 

74 

118 


W. L. Brown (Georgia Agric. Exp. Sta. Bull. 
1930, No. 160) found that the addition o& 
pimento to poultry rations increases the pig- 
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mentation of the shanks, comb, and wattles, the i 
effect being more pronounced in cockerels than 
in pullets. L^^Ascham (Science, 1933, 77, 351) 
found pimento to contain over 1 unit of vitamin- 
A by the rat test. 

Standards, — The United States standard for 
allspice provides that the quercitannic acid 
shall not be less than 8%, the ash nOt more than 
6%, the ash insoluble in hydrochlonc acid not 
more than 0-5%, and the crude fibre (which 
should be determined as in pepper) not more 
than 25%. 

Adulteration. — The fruits of other species of 
pimenta are employed as spices in some countries, 
but as practically all that used in Great Bntam 
and the United States is obtained from -Jamaica 
there is little substitution. Very little of the 
fruit is sold retail in the ground state, so that it 
is rarely, if ever, adulterated in this country, 
but the usual adulterants may be looked for 

T. McL 

PINACOL-PINACOLINE TRANS- 
FORMATION {V. Vol. VIII, 1786). 

PINASTRIC ACID (v, Vol. VII, 288d). 

PINCHBECK, Gilding metal. A small group 
of alloys of copper and zinc which contain from 
6 to 20% of zinc. The name Pinchbeck recalls 
the London clockmaker (died 1732) who intro- 
duced the alloy, without publishmg the com- 
position, for making cheap jewellery. The alloys 
resemble gold in colour, work well with tools, 
and can be rolled out into thin sheets and 
stamped into watch cases Old names for the 
alloys were Dutch metal, Mannheim gold (v. 
Vol. VI, 122a), Prince’s metal, but they are now 
known as gilding metal. The golden colour of 
the composition with 5% of zinc is improved by 
treatment with nitric acid. This alloy is used 
for decorative fittings in buildings In America, 
four of the alloys have the following special 
names : containing zinc 10%, commercial 

bronze ; 15%, red brass ; 17%, rich low brass ; 
20%, low brass. For further information, see 

H. Carpenter and J. M. Robertson, “ Metals,” 
London, 1939, II, 1303 ; American Society for 
Metals, Cleveland, Ohio, 1939. 

J N. G 

PINEAPPLE. The fruit of Ananas sativus 
Schult., also classified as Bromelia ananas L., 
grown generally in sub-tropical areas of America 
and in Africa. The fleshy parts of the cored 
fruit IS eaten raw and large quantities are canned 
for transport. Approximately two-thirds of the 
whole fruit (after removal of leafy crown) is 
edible and of this 90% of the weight consists of 
juice. The waste products of the canning in- 
dustry serve as a stock feed. 

The fruit has the following range of percentage 
composition : 



Solids 

Protein 

Acids (as 
citric) 

Reducing 

sugars. 

Fresh . . 

12 6-16 1 

0 42-0 50 

0 8-1 5 

12-9 7 

Canned . 

i 

17 

0 43 

0 35 

97 



Sucrose. 

Fibre 

Ash. 

Fresh . . 

vanned 

1 7-10 5 

52 

0 17-0 32 

1 

0 4-0 7 

1 04 


Kayser (Z. dffentl. Chem. 1909, 15, 187) gives 
the following data for freshly pressed juice: 
solids 10*72, citric acid 0*63, invert sugar 4*0, 
sucrose 8 6 g. per 100 c.c. 

The fruit contains approximately 1% of 
mannitol. The principal acid present is citric 
and according to Nelson (J. Amer. Chem. Soc. 
1925, 47, 1177) this is accompanied by about 
13% of Amalie acid. The colour of the fruit is 
due largely to carotene (l*5-2*5 mg. per kg.) with 
small amounts of xanthophyll. 

Ash analyses (percentage of fresh edible fruit) 
include: KoO 0*24, CaO 0 04, MgO 0 02, 
P2O5 0*03, SO3 0*002, Cl 0 1 . Iron 3*2, copper 
0-7, zme 2-6, and arsenic 0 08 mg. per kg. of 
fruit are also reported. 

Among reported vitamin assays of pineapples 
the following are noted: vitamin- J[ 100-200 

I.U , thiamm 30-90 /ig., and ascorbic acid 
19-60 mg. per 100 g. Samples of canned fruit 
contain 7-18 and of pressed juice 31*76 mg. of 
ascorbic acid per 100 g. 

A. G. Po. 

PINENES. Occur very widely distributed 
m nature. Form the main constituent of 
American and French oils of turpentine. 

a-Pinewe, 


CMe 

HC^ ^CH 

''CMe2 ‘ 


HX 




CH» 


m.p. -60°, b p. 166°/760 mm., /,« 0-8620, wj,® 
1*4660, [a% -f 61*14°, —61*28°, dhnitrosockloridef 
m.p. 103°, d- and m.p. 81-81*6°. 

P’Pinene, 


C:CH, 


HcC^ ^CH 
H.C I CH 


CH 


2 

2 


b.p. 164-166°, 0-8664, 1-4739, [o]i, 

■f 28 69°, -22-44°. 

J. L. S. 

PINOCAMPHEOL, 

CHMe 

^CH-OH 

CH 

m.p. 66-57°, p*® 0-9601, n®" 1-4888, [ajn -46-63°. 
Occurs in oil of hyssop. Stereoisomeric forms 
of the alcohol have been desenbed by Schmidt 
and Schultz (Schimmels Kept. 1934, 97 ; Ber. 
1944, 77 [B], 644). 


J. L, S. 
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PINOCAMPHONE, 

CHMe 

H.i >"Ah. 

■ 


PIPERITONE, 


CMe 

H,C'^ ^CH 

H,(i <io 




CHMe, 


b.p. 212-2137766 mm., p« 0 9662, n^* 1-4742, 
Wd —13*42°; a-semicarbazone, m p. 228-229°; 
p-, m.p. 182-183®. Occurs in oil of hyssop. 
Stereoisomeric forms of the ketone have been 
described by Schmidt and Schulz (Schimmels 
Kept. 1934, 97 ; Ber. 1944, 77 [B], 544). 

J. L. S. 

PINOCARVEOL, 


C:CH, 

HC^ ^CH-OH 

CM*2 I 
CH, 


HX 


CH 


The <mw5-lfievorotatory alcohol, CiqHjqO, oc- 
curs in the oil from Eucalyptus globulus grown 
in Spam, m p. 6°, b.p. 209-210°/760 mm., pgo 
0 981, 1 5005, aj^ —72°, hydrogen phthalate, 

m.p 116-117°, 2 )henylurethane, m p. 88-90°, 
hydrate, m.p 190-191°. The ci5-alcohol has 
m p 517 b p. 217-2187760 mm , pj* 1 004, n“ 
1*5056, [a]]) -f55° (in alcohol), p-nitrobenzoate, 
mp 104° (Schmidt, Ber 1944, 77 [B], 167) 

J. L. S 

PINOCARVONE, 


C:CHa 

HC\ ^CO 

I ^CMez I 

HjC I CH, 


The ketone, ptnocarvone, ^10^14^» ^ P* 
96°/12 mm., pi« 0*9875, 1-4949, [a]i, -68 3°, 

oxime, m.p. 131°, occurs in the oil from Euca- 
lyptus globulus grown in Spam. It is identical 
with the ketone, carvopinone. 

J, L. S. 

PIOURY, PIURI, PURREE (v. Indian 
Yellow, VoL VI, 4246). 

PIPERITOL, 


HaC 


CMe 


H,(i (^H-OH 

^dhbCHMe, 


d; b.p. 166-1707200 mm., p|® 0-911, n“ 1-474, 
[a]D 46*6°. Occurs in an oil from an un- 
identified species of Andropogon growing in the 
United Provinces, India. 1-, b.p. 96-96°/10 mm., 
p22 0*9230, 1*476, [a]p -34*1°. Occurs in 

eucalyptus oils. 


d; b.p. 116-118-6720 mm., pf 0-9344, 
1*4848, [a]i> 62*5°. Occurs in the oil from 
Andropogon gtoarancusa, 1-, m.p. —29°, b.p. 
232-6-234-77 p*® 0 9330, n®® 1-4845, [o]d -67-87 
Occurs in the oil from Evmlyptus dives, a- 
Semicarbazone, m.p. 224-226°, )3-, m.p. 174- 
176°, a-oxime, m.p. 118-1 19°,* j3-, m.p. 88-89°, 
a-hydroxylamino-oxime, m.p. 176°, jS-, m.p. 
185-186°. 

J. L. S. 

PIPERONAL. Piperonaldehyde. Helio- 
tropin. 3:4- MethylenedtoxybenzaMehyde, 


ch/ 


o— r'''^CHo 


Although closely related to natural products 
such as vanilhn and safrole it occurs only in 
small quantities in the flowers of Sprsea ulmaria 
and according to Elze (Chem.-Ztg. 1910,84, 814) 
in Robinia pseudacacia Its presence m the 
flowers, Hehotropium peruvianum, to which it 
owes its commercial name has not been proved 
Gnadinger (Ind. Eng. Chem 1926, 18, 588) found 
a substance giving reactions of piperonal m 
vamllons and Tahiti beans, but other vanilla 
beans gave a negative result. Piperonal was 
formerly prepared by the oxidation of piperic 
acid obtained from piperme (q.v.). As an im- 
portant perfume it is now prepared on a large 
scale from safrole; full details are given by 
McLang (Chem. Trade J. 1926, 79, 359). Safrole 
IS first converted, by boiling with alcoholic 
sodium hydroxide, into twsafrole which is then 
oxidised in potassium dichromate solution by 
the gradual addition of sulphuric acid. The 
product is extracted with benzene, distilled in 
vacuo and crystallised from alcohol with addition 
of alundum. Suitable plant is described by 
the author {ibid. 1925, 77, 3). Fritzsche (G.P. 
207702) claims an improved yield by chromic 
acid oxidation of wosafrole (60 kg.) in presence 
of sulphanilic acid (20 kg.). Davies and 
Hodgson (J.S.C.I. 1943, 62, 90) confirmed this 
observation and obtained an 86*5% yield. 
With potassium permanganate and «tfasafroIe 
they obtained ma^y piperonylic acid, 

CH20js:CeH3*C00H. 

Properties . — Piperonal, which has a powerful 
odour of heliotrope, crystallises from water in 
large prisms, m.p. 37°; b.p. 263°/760 mm. 
(decomp.); 144-145°/14 mm. (Perkin J.C.S. 
1916, 109, 907 n.). It is sparingly soluble in 
cold water, 3*5 g. per litre at 20°, but readily 
soluble in the common oi^ganic solvents. It & 
liable to become discoloured unless kept in a' 
dark cool place. The ultra-violet absorption 


J. L. S. 
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spectrum has been observed by Patterson and study of methods based on the phenylhydrazone, 
Hibbert (Amer. Chem. Abstr. 1944, 38, 260; the p-nitrophenylhydrazone and the semi- 


Grinbaum et al , tbid, 1938, 32, 1576) ; the 
Raman spectrum by Susz ei ah (A. 1936, 923; 
1935, 1446). Piperonal has no characteristic 
physiological action (Bianchi, J.C.S. 1916, 108, 
i, 72). It has a slight growth-promoting activity 
on vegetation (Grace, Amer. Chem. Abstr. 
1938, 32, 4632) ; the opposite effect is reported 
by Schmid (Helv. Chim. Acta, 1944, 27, 1197). 

Reacliona. — At one time it was considered that 
piperonal and piperonylic acid when heated with 
dilute acid split off carbon and formed respec- 
tively protocatechuic aldehyde and proto- 
catechu ic acid. It 18 now known (Parijs, Rec. 
trav. chim. 1930, 49, 33) that formaldehyde 
produced by the break-down of the oxymethy- 
lene ring condenses with the protocatechuic 
derivative to form a black resin (c/. V. Meyer 
and P Jacobsen, “ Lehrb. organ. Chem ” Vol II, 
p. 523, Leipzig, 1902) The C H2O2 group is split 
off quantitatively by heating with 28% sulphuric 
acid; employing this reaction Hunter et al, 
(Amer. Chem. Abstr. 1938, 32, 4533) concluded 
that a piporonyl group may be contained in the 
lignin complex. Givaudan & Co. (B P. 463341 ) 
eliminated the methylene group, and obtained 
protocatechuic aldehyde m 95% yield, by treat- 
ing piperonal in dichloroethyleno with alumi- 
nium chloride, and heating the product with 
toluene. Piperonal shows the reactions of an 
aromatic aldehyde ; it condenses readily with 
acetone, malonic ester, acetic anhydride, hip- 
puric acid, aromatic amides, and undergoes the 
Cannizzaro reaction. It forms by conventional 
methods the oxime (syn and anti forms), the 
phenylhydrazone, and the somicarbazone (two 
forms). Those compounds are used in the 
identification aiid determination of piperonal. 

Electrolytic Reduction — 3.4-Methylenedioxy- 
benzyl alcohol was obtained in 90% yield from 
piperonal in slightly alkaline suspension at c.d. 
4 amp. /1 00 cm.® (Shima, Amer. Chem. Abstr 

1929, 23, 2371). 

Halogenation — 6 - Bromo - and 6 - chloro - 
piperonal are readily obtained in carbon tetra- 
chloride solution ; in acetic acid there are also 
formed 4*5-dibromocatechol methylene ether 
and the corresponding dichloro- compound 
(Robinson et al J.C S. 1917, 111, 946). 

Nitration, — The chief product (70% yield) is 
6-nitropiperonal, m.p. 98°, with 4-nitro-l:2- 
mothylenedioxybenzone, m.p. 148° (Salvay, 
ibid. 1909, 95, 1163; Parijs, Rec. trav. chim. 

1930, 49, 17). An indigo synthesis was effected 
by heating an acetone solution of 6-nitro- 
piperonal with dilute sodium hydroxide, which 
yielded 6:6:5':6'-bismethylenedioxymdigo. 

Uses of piperonal are discussed by H. S. Red- 
grove (Mfg. Perfumer, 1939, 4, 343). 

Identification and Deter mincUion, — Gnadinger 
{l.c,) and Crocker (Ind, Eng. Chem. 1925, 17, 
1168) have desenbed colour reactions which are 
not specific. Rosenthaler’s microchemical test 
(Amer. Chem. Abstr. 1937, 31, 4227) involves 
formation of the compound with barbituric acid. 
Por some aldehyde reactions, see “ Reactions ” 
above. Radcliffe and Sharpies (J.S.C.I. 1925, 
44, 1010 b; 11 papers in Perf. & Essent. Oil 
Rec. in 1924 and 1925) have made a critical 


carbazone (c/. Phillips, J.S.C.I. 1923, 42, 948a) ; 
the two last-named compounds of piperonal are 
insoluble in dduto alkali and can thus be 
separated from the corresponding compounds of 
vanillin. Aldehydes are first separated as bi- 
sulphite compounds (Doherty, J.C.S. 1914, 106, 
11, 603). The effect of the presence of coumann 
was investigated. 

J N. G. 

PITCH. The term “ Pitch ” was originally 
applied to any dark-coloured fusible solid or 
semi-solid of organic origin whether found as a 
natural deposit or obtained as a residue from 
the distillation of a tar or other carbonaceous 
substance. The description is no longer apphed 
to naturally occurrmg Asphalts (v Vol. I, 5166) 
nor to residues from the distillation of petroleum, 
previously called “ petroleum pitch,” but now 
known as “ bitumen ” (ibid.) or more precisely 
“ asphaltic bitumen ” 

According to the Glossary of Highway Terms, 
British Standard 892, which is based on the 
Technical Dictionary of Road Terms prepared 
by the Permanent International Association of 
Road Congresses, pitch is defined as the “ black 
or dark brown solid or semi-solid and cementi- 
tious lesidue remaining after partial evapora- 
tion or fractional distillation of tars or tar pro- 
ducts.” This very restricted use of the word is, 
however, confined to the Road Industry and 
more generally the term “ pitch ” includes the 
solid or semi -solid residues obtained by distil- 
lation of many organic substances other than 
petroleum products, a prefix indicating the 
origin of the material, e.g , coal-tar pitch, 
stearin pitch, rosin pitch, etc. 

COAL-TAR PITCH. 

This IS the most important type of pitch both 
as regards the magnitude of its production and 
the variety of its uses. Approximately two 
million tons of coal tar containing about one 
million two hundred thousands tons of pitch 
were produced in Great Britain in 1947. About 
one half of this pitch was used in solid form and 
the remamder, blended with creosote oils, was 
used as road tar and liquid fuel. 

Pbbpabatioj^'. 

Coal-tar pitch is prepared by the distillation 
of coal tar, being the residue after the removal 
of the light oils, creosote, and anthracene oil 
The tar may be distilled by the batch method 
in a pot still or by a continuous process in some 
form of pipe still. The characteristics of the 
pitch are usually controlled in pot-still distil- 
lation by the quantity of distillate taken off, and 
in continuous distillation by the temperature at 
the end of the coil. The pitch in the liquid con- 
dition is run from the stills through coolers and 
IS then usually allowed to flow over large flat 
areas known as “ pitch beds,” where by further 
cooling it solidifies ; it is subsequently broken 
up by hand or by*' mechanical means. For cer- 
tain purposes the hquid pitch may be filled into 
drums or other containers, or supplied hot in 
insulated tank wagons. 
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Tho proportion of the tar obtained as pitch 
depends mainly upon the nature of the tar and, 
to a less extent, on the methods of distillation. 
Durmg distillation additional pitch may be 
formed as a result of the polymerisation or 
cracking of certain of the lower boiling con- 
stituents, more particularly those of phenolic 
character. Accordingly, a continuous still where 
the tar is exposed to high temperatures for a 
shorter time, gives a somewhat lower yield of 
pitch than a pot still, a fact which is an advan- 
tage since, in general, pitch is of less value than 
tar oils. In order to increase the yield of oils 
in pot-still distillation and thus reduce the pro- 
portion of pitch, steam or some other inert gas 
may be passed through the charge, thus in- 
creasing the rate of distillation and reducing 
tho maximum temperature required. 

It has been indicated in another article (v. 
Coal Tae, Vol. HI, 207d) that the nature and 
properties of the tar are dependent on the con- 
ditions of carbonisation of the coal. With in- 
crease in the temperature of carbonisation the 
tar tends to become less phenolic and more 
highly aromatic. Those changes are accom- 
panied by corresponding changes in tho proper- 
ties of the pitch as well as by an increase in the 
pitch content of tho tar. 

The most usual grade of pitch is that known 
as medium-soft pitch which has a softening point 
(ring and bjdl) of about 78°c. Typical yields of 
medium-soft pitch in pot-still distillation of 
various types of coal tar are given below ; tho 
figures are, however, subject to fairly wide 
variation ^ 

Table I — Percentage Yields oe Medium- 
soft Pitch from Crude Tars. 


Low temperature tar . ... 35 

Vertical gas retort tar . . 50 

Horizontal gas retort tar . 60 

Coke oven tar. . . . 65 


For certain purposes coal-tar pitches are 
required with a softening point lower than that 
of medium-soft pitch and such material, known 
as “ soft pitch is prepared either by stopping 
the distillation process at a lower temperature, 
so that some of tho higher boiling oils remain in 
the residue, or by fluxing medium-soft pitch 
with the requisite proportion of a suitable tar 
oil, such as anthracene oil.^ The softening 
point of a soft pitch may be as low as 30®c. 
(ring and ball tost) in which case the material 
flows appreciably at room temperature. There 
is no sharp line of demarcation between pitch 
and tar, but materials of softening point lower 
than 30°o. Ire usually termed “ tars.” Pitch is 
also required at times with a softening point 
higher than SO'^c. ; such materials, known as 
“ hard pitch , are prepared by continuing the 
distillation process, usually with tho passage of 
steam or inert gas, or by air-blowing medium 
soft pitch at temperatures from 300® to 370®c. 
The softening point of hard pitch may be as 
high as 250°o. Such materials are sometimes 
produced in a granulated form by spraying the 
molten pitch into water or by other similar 
methods. 


Physical Properties. 

Tho harder grades of coal-tar pitch are brittle 
and break with a conchoidal fracture. They 
are black or dark brown in colour, the intensity 
of colour being dependent upon the carbonising 
conditions under which the tar was produced. 
Low temperature pitch gives a brown streak on 
porcelain and can be fairly successfully pig- 
mented. High temperature pitches, which are 
much darker in colour, offer considerably less 
scope for pigmentation. 

Coal-tar pitches are largely soluble in benzene, 
toluene, or carbon disulphide and the solutions 
have a characteristic green fluorescence. The 
insoluble residue is commonly known as free 
carbon although this is not a true description 
since it contains about 3% each of hydrogen and 
oxygen ® The proportion insoluble in toluene 
depends on tho source and method of prepara- 
tion of the pitch and on its softening point. The 
medium -soft grades of low temperature, vortical, 
and hoiizontal pitches usually contain respec- 
tively from 1 to 7%, 6 to 19%, and 15 to 30% of 
insoluble matter. The solubility is somewhat 
greater in^olar solvents such as pyridine and 
nitro- benzene ^ When, as is normally the case, 
coal-tar pitches are free from the lower boiling 
phenols and tar bases, they are practically in- 
soluble in and unaffected by watci , dilute acids, 
or alkalis, or by salt solutions. 

There are no fundamental differences in 
properties between pitch and tar and there can 
bo no sharp division between tho two materials. 
Tho dividing lino is purely arbitiary and is 
dictated by convenience for commercial reasons, 
rather than on scientific grounds Actually, 
pitches are very highly viscous liquids and the 
viscosity at ordinary room temperatures can 
be measured by means of suitable instruments, 
e,g., at 30®c medium-soft pitch has a viscosity 
of about 10^° poises.®* ® When subjected to a 
deforming force pitch behaves as a Newtonian 
fluid,’ the rate of shear being directly propor- 
tional to the applied force ; in this respect coal- 
tar pitch differs from many asphaltic bitumens, 
which often exhibit anomalous behaviour. The 
viscosity of pitch vanes considerably with tem- 
perature, and the following relationship holds 
over a limited range {i.e,, about 100 Fahrenheit 
degrees) . 

ri&n==a, 

where 0 is the temperature in ®r , rj is the vis- 
cosity, and n and a are constants. 

The term n has been called the logarithmic 
temperature coefficient, and corresponds .to tho 
slope of the straight line obtained by plotting 
the logarithm of tho viscosity against the 
logarithm of the temperature. The magnitude 
of n varies according to the softening point of 
the pitch, ranging from about 11 for a softening 
point of 35°c. (R. and B.) to about 18 for a 
softening point of 78°c. (R. and B.).®' The 
typo of coal tar from which tho pitch is obtained 
has little effect, but fho value of n for any 
particular softening point can be reduced by 
incorporating fine mineral fillers in the pitch,® 
or by dispersing coal of a suitable type at an 
elevated temperature.^® In either case the tem- 
perature coefficient of tho resultant material 
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is that of the softer pitch used as the basic 
material. 

The density of coal-tar pitch varies with the 
softening pomt and with the type of tar from 
which the pitch is obtained. At 15®o. the 
density of medium-soft pitch (R. and B., 78°c.) 
ranges from 1*11 to 1-33 g. per c.c. and that of 
soft pitch (R. and B., 35°o.) from 1*08 to 1*28 g. 
per c.c. A relationship has been noted 
between the density of tar products and the 
temperature of carbonisation of the coal; the 
lower this temperature the lower is the density 
of the tar products. On the basis of density, 
tars and the pitches therefrom can be classified 
as low temperature, low medium temperature 
(vertical gas retort), high medium temperature 
(horizontal gas retort), and high temperature 
(honzontal gas retort and coke ovens). For 
medium-soft pitch from these various sources 
the density ranges are . 


Low temperature . 
Low medium . 
High medium . 
High temperature . 


1 12-1 18 g per c c. 
1*18-1*24 „ ,. 

1*24-1*29 „ „ 

1*29-1*34 „ „ 


Pitch is a good electrical insulator under low 
voltage conditions, the resistivity being of the 
order of 6x10^® ohm-cm. at room tempera- 
tures^*; its dielectric constant decreases with 
increase in temperature, and at 25°c lies between 
2*25 and 3 55.^7 

The thermal conductivity of pitch is about 
0*00033 C G.S. units, equivalent to 0 08 B.Th.U. 
per hour per sq. ft. per ft per Its specific 

heat ranges from 0*34 to 0*45 These values 
refer to a temperature range of 15-200°c Pitch 
has no latent heat of fusion. The cubical co- 
efficient of thermal expansion over a temperature 
range of 0-200®c. is 0 00046-0*00056 per 
which corresponds to a reduction in density of 
0 0006 g per c c per °c. temperature rise. The 
calorific value depends to some extent on the 
softening point, but usually hes between 15,800 
and 16,300 B.Th.U. per Ib.^* 


Methods of Test. 

Pitches are usually graded accordmg to their 
softening pointy i.c., the temperature at which a 
certain degree of softness is attained. There are 
several methods for makmg such determmations. 
Since pitch is a liquid oven at room temperature, 
it does not change at any definite temperature 
from the solid or semi-solid state to a liquid 
state, but becomes progressively softer and less 
viscous as the temperature rises. Softenmg- 
point tests give the temperature at which the 
viscosity 18 reduced to a certain value when the 
temperature is raised under closely defined con- 
ditions. In Great Britain the ring and hall and 
the Kraeimr and Sarnow tests are the ones 
most generally used, and in America the halfi 
inch cvhe test and the twisting point. Certain 
viscosity tests applied to tars used for road pur- 
poses can also be applied to pitch, for example, 
a pitch can be defined in terms of equiviscous 
temperature (E. V.T.) which is the temperature 
in ®o. at which a tar or pitch has a viscosity on 
the standard tar viscometer of 50 seconds 


(equivalent to a kinematic viscosity of about 
200 stokes). These tests are all simply related* : 

Softening Point (R. and B.) 

= Half-inch Cube Test approx. 

=Softenmg Point (K. and 8.)-f 8®o. 

=Twistmg ?omt-|-30®c. 

=E.V.T. -18*5"c. 

The various standard tests used in Great Bntam, 
includmg those for the determination of water, 
free carbon, volatile matter, ash, etc., are described 
in “ Standard Methods for Testing Tar and Its 
Products.” 

Chemical Tests are sometimes used to 
differentiate coal-tar pitches from other pitches 
and from asphaltic bitumen. Thus the coal-tar 
pitches contain little or no saponifiable matter, 
but do contain anthracene and phenolic bodies ; 
the detection or determination of such com- 
pounds forms the basis of certain chemical tests 
which may be applied. The anthraqmnone 
reaxtion^^ is useful in mdicating the presence of 
anthracene, which is a characteristic component 
of the softer coal-tar pitches. The material is 
distilled and the oil distilling between 270° and 
355°c., which would contain the anthracene, is 
separated. The solid portion separating from 
this oil 18 rocrystallised from alcohol and refluxed 
with glacial acetic acid. Oxidation is then 
effected by treatment with chromic acid solu- 
tion, and anthraqumone is precipitated on dilu- 
tion with water. When 1 part of anthraqumone 
IS boiled with 2 parts of zinc dust, and 30 parts 
of 50% sodium hydroxide solution, an intense 
red clour develops which fades on filtering in 
contact with air. 

Another test distinguishing pitches from bitu- 
men** depends upon the detection of phenolic 
compounds, which are characteristic of most 
pitches. The substance is boiled with n. sodium 
hydroxide solution and filtered. Treatment of 
the cold solution with p-diazobenzene sulphomc 
acid (diazotised sulphanilic acid) gives, if 
phenols are present, a red precipitate or a red 
coloration, which may be fugitive. On suU 
phonation,^^ coal-tar pitches and the wood 
pitches give no insoluble residues ; other pitches 
give various proportions of insoluble substances, 
while bitumens, which are almost completely 
msoluble, give a bulky precipitate. 

Coal-tar pitches and bitumens cive very low 
saponification and acid values, whereas the fat 
pitches and wood pitches give high values. The 
presence of rosin, a characteristic of wood pitches, 
can be detected by the Liehermann-Storch re- 
action^^ in which the substance is heated with 
acetic anhydride and the product ti;eated with 
dilute sulphuric acid. If rosin is present a 
fugitive violet coloration is formed. 

Composition and Constitijtion. 

The Chemical Compositijon of coal-tar pitch 
18 dependent on the temperature of carbomsation 
of the parent coal, and to a smaller extent on the 
softening point of the pitch ; the nature of the 
coal carbonised has little effect. With increase 
in temperature of carbonisation the percentages 
of hydrogen and of oxygen both decrease. The 
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hydrogen content also decreases slightly with 
increase in softening point. Typical analyses of 
medium-soft pitches are given below 


Table II. — Ultimate Percentage Analyses 
OF Pitches. 


Type 

Ash 

C. 

H 

S. 

1 

N. 

0 

bv 

diff. 

Low Aromatic 
Sample A . 

» B 

0 18 

0 06 

87*48 
89 53 

6 02 

5 61 

0 68 

0 43 

1 50 

1 38 

4 14 

2 99 

High Aromatic , 
Sample C . 
n B . 

0 13 

0 23 

90 42 
90 34 

5 23 

5 03 

0 65 

0 84 

1 

1 38 

1 47 

219 

2 09 


The chemical constitution of pitch is very 
complex. The mam constituents are highly 
polymerised resinous compounds of an aromatic 
nature, together with many high boilmg aromatic 
hydrocarbons and their derivatives, and some 
unsaturated and paraffinoid bodies.^® The pro- 
portion of unsaturateds and paraffins is very 
low m high temperature pitch but increases as 
the temperature of carbonisation is reduced 
For this reason pitches from coke oven and 
horizontal retort tars are sometimes known as 
high aromatic pitches, and those from vertical 
retort tar as low aromatic pitches. Bases such as 
aendine and its higher homologues and also 
phenolic substances are present, the proportion 
of the latter being higher in the low aromatic 
pitches. Certam of the constituents of pitch 
have carcinogenic properties (v Caroinooenio 
Hydrocarbons, Vol. II, 378a). 

The Physical Constitution of pitch has been 
investigated by solvent analysis. The matter 
insoluble in toluene may be resolved mto a por- 
tion insoluble in pyridine, and a resinous material 
soluble in pyridine. The latter is normally in 
solution in the pitch but is precipitated there- 
from by benzene or toluene. These two frac- 
tions have been called and Cg respectively. 
The Cl in pitch is visible when a very thin film 
is viewed under the microscope. Those com- 
ponents of the pitch soluble in benzene but in- 
soluble m light petroleum have been called “ tar 
resins.” Low-temperature tar has been sepa- 
rated by solvent methods without distillation®® 
givmg soluble portions of high boiling-point 
which would normally be present in the pitch. 
The amorphous solids extracted by alkah have 
been termed resinols and those soluble in dilute 
acid resinamines. It is characteristic of low 
temperature pitch that it contains a* high pro- 
portion of resinols. Similar bodies are present 
to a smaller extent in vertical retort, or low 
aromatic pitch but are almost absent from high 
aromatic pitch. 

In a study of the constitution of road tar,®^ 
pitch of softening point about 100®o. (R. and 
B.), obtamed by vacuum distillation to 260®o., 
was further separated by solvents into different 
types of resins. From the various observations 
made in this work, including the cryoscopic 
behaviour in benzene of the fractions of higher 
molecular weight, the viscosity of the dis- 
persions in oil, and the particulate structure 


revealed by the electron microscope, it was con- 
cluded that tar (and thus pitch) is an associated 
colloid m which the micelles are composed of a 
core of hydrocarbon derivatives of high mole- 
cular weight, surrounded by a solvation layer of 
smaller molecules. These micelles are dispersed 
m a continuous oily medium and there is no 
abrupt discontinuity of phase between this 
medium and the nuclei of the micelles. 

Uses of Coal-Tar Pitch. 

Briquetting. — ^Tho main use of coal-tar pitch 
is for the briquetting of fine coal, lignite, coke 
breeze, etc , for which purpose the medium-soft 
grade [softening point about 78®c. (R. and B,)] 
is used. The volatile-matter test and the “ free 
carbon ” content are generally used to determme 
the suitability of pitch for this process. It has 
been suggested®® that the “ free carbon ” con- 
tent should not exceed 30%, since this material 
IS to some extent a diluent, and that, in the 
volatile-matter test, the pitch should yield a 
button of coke, not too volummous but flat and 
of a very dark greyish colour. The usual method 
of employing pitch for briquetting is to crush 
the pitch to pass J m. and feed it with the coal 
or other material to be briquetted, into a 
continuous mixer which is heated internally by 
steam. The proportion of pitch required for 
coal 18 normally between 6 and 8% but higher 
proportions may be required for fine slacks and 
coke breeze. The hot mixture is conveyed by 
a screw feed to a press or to indented rollers where 
it is formed into convomently shaped blocks or 
ovoids which harden on coohng. Steel turnings, 
flue dusts, and ores are also briquetted with 
pitch, m order to simphfy transport, processmg, 
etc.®® 

Pitch 18 used as the bmder for carbon, graphite, 
or pitch coke in the manufacture of electrodes 
(v, Vol. II, 313d). A hot mixture is prepared and 
extruded or moulded m the form of rods ; the 
pitch bmder is then converted to pitch coke by 
carbonisation. When large electrodes, such as 
those used in the production of aluminium, are 
required, coke and anthracite are mixed with 
pitch and tar in suitable proportions and the 
mixture is extruded into the reduction furnace 
so that the pitch is carbonised and the electrode 
IS formed in situ. 

Pitch Coke. — Carbonisation of coal-tar pitch 
produces pitch coke. This product has a number 
of commercial applications on account of its 
high degree of punty and freedom from de- 
leterious mineral constituents. Owing to the 
fluidity of hot pitch, its carbonisation presents 
special problems. In some processes cast-iron 
pot stills are used and in others specially designed 
cokp ovens, of the beehive or chamber type.®^ 
The ovens are either filled with molten pitch 
(usually hard pitch of R. and B. 160°o.) by pipe 
Ime through the top of the oven, or charged with 
granulated hard pitch ; the doors are luted with 
clay. In the cast-iron stills the end temperature 
does not exceed 700®o., but in the ovens tempera- 
tures of l,100-l,200®o. may be reached. 

The carbon content of pitch coke may range 
from 90 to 98% and the ash from 0*2 to 0*8%i 
Pitch cokes with a low volatile matter content 



654 


PITCH. 


are used mainly m the manufacture of electrodes 
and in the production of high-grade castmgs in 
the metallurgical mdustnes. High volatile pitch 
cokes have been suggested as household fuels 
and for producer-gas traction. 

The yield of pitch coke may range from 50 to 
70% dependmg on the method of carbonisation 
and the type of pitch used. The distillate 
(pitch-coking oil) comprises 20 to 40% of the 
pitch and is a viscous grease-like product ; it is 
used as a fuel, or as a plasticiser in the prepara- 
tion of special types of road tar. Prom 5 to 15% 
of the pitch is evolved as a combustible gas 
(mainly hydrogen) which is used to heat the 
ovens. 

Pitch as a Fuel. — ^Another important use of 
coal-tar pitch is as a fuel , it is generally used 
m one of three forms : 

(a) Mixed with creosote (a crcosote/pitch fuel 
was used in Britain in large quantities 
durmg the First and Second World Wars 
to replace imported petroleum fuel oil). 

(h) In liquid form without added creosote 
(medium-soft pitch). 

(r) Pulverised and fii ed in a similar manner to 
pulverised coal (hard pitch having a 
softening pomt greater than 100°c.). 

These fuels, together with the methods of use 
are described in “ Coal-Tar Fuels. 

(a) Creosote I Pitch Mixture — In general, mix- 
tures of pitch and creosote are handled m a 
similar manner to heavy petroleum fuel oil, 
although certain special methods are used mainly 
with the object of avoiding troubles due to sedi- 
mentation of insoluble matter Various types of 
burner are used, atomisation being effected by 
steam or by compressed air. 

(h) Molten Pitch — Medium -soft pitch used as 
a liquid fuel is normally supplied and stored in 
the solid condition and is melted and heated to 
360-400°f before use Various types of melters 
are used based on one of the following principles : 

(i) The hot molten pitch is circulated through 

and over the solid material. 

(ii) The pitch 18 melted by contact with a 
heated surface and the liquified material 
drams away as it is formed. 

These methods are both designed to offset the 
low thermal conductivity of pitch and to avoid 
decomposition by overheating 

(c) Pulverised Pitch — Hard pitch, >vith a 
softening point over 100°c. R and B can be 
used as a pulverised fuel, for which purpose it is 
superior to other pulverised fuels because of its 
low ash content. For the pulverisation of the 
pitch a high-speed, air-swept impact machine 
IS used. The pulverised pitch may be fed 
directly to the furnace, or for small furnaces it 
may be stored and supplied through a portable 
fan and feeder. 

Pitch in Building Materials. — Coal-tar 
pitch 18 used in the manufacture of roofing felt 
and similar waterproof, impregnated fabrics. 
In the usual method of roofing-felt manufacture 
the felt is impregnated with molten pitch of 
softening point 35-45®o. (R. and B.).®® A slight 
excess of pitch is left on the surface of the felt 


and this is covered while still hot with sand or 
other fine aggregate. In another method the 
felt is squeezed dry after impregnation and an 
external coatmg of a mixture of pitch and fine 
mmeral filler is apphed. A soft pitch of about 
50°c. (R. and B.) is used as a sealmg and dressing 
compound in the construction of laminated 
roofs. 

Pitch is also employed as the bmder in 
mastics used for flooring and for roofing For 
fioonng mastic a pitch of softening point 60- 
70°c (R. and B ) is used, and is mixed to the 
extent of some 20% with fine mineral matter 
(largely below 200 mesh) and a small proportion 
of coarser grit. Wood fillers are sometimes in- 
cluded. The hot, semi-fluid mixture is laid to 
the required thickness by hand floating. 

For decorative purposes pitch mastic can bo 
coloured by the addition of a suitable pigment. 
In this case it is necessary to use a pitch, such 
as that from low-temperature tar, which con- 
tains little or no free carbon. Certain types of 
vertical retort pitch can also bo used and pro- 
cesses have been described®'^ for rendering high 
temperature pitch more suitable for pigmenta- 
tion by removing insoluble matter by solvent 
extraction. 

Pitch roofing mastic, for the construction of 
flat roofs, IS piepared and used in the same way 
as flooring mastic, but a binder of lower softening 
point [40°c. (R and B )] is employed. 

Other Uses of Coal-Tar Pitch. — Paints 
having a coal-tar pitch base give excellent pro- 
tection to metals against corrosion owing to 
their very high resistance to water penetration.®® 
Such paints arc sometimes known as “ black 
varnish and usually consist of a soft coal-tar 
pitch thmned with coal-tar naphtha The 
coal-tar pitch may be partly or completely sub- 
stituted by water-gas 2 >^tch (v. infra) in order 
to give the paint a higher gloss. Vegetable oils 
or fatty-acid pitches are sometimes incorporated 
as plasticisers, and fine mineral or organic fillers, 
and pigments may bo added to give easier brush- 
mg and greater stability to the paint film.^® 
Molten coal-tar pitch is applied as a corrosion 
preventive to steel and cast-iron pipes by dipping, 
and IS also used for the impregnation of pipe 
wrappings. 

As an electrical insulator, a soft pitch of about 
50°c. (R. and B.) is used for the sealing of dry 
batteries. Soft pitch is sometimes blended with 
Lake asphalt for use in the impregnation of the 
wrappings or “ servings ” of electric cables 

Coal-tar pitch has also found some use m the 
form of emulsions In the case of the higher 
softening-*^oint pitches a bentonite-clay slurry 
is usually employed as the emulsifying agent. 
Pitch emulsions are used for the production of 
waterproof millboard and wrapping papers, 
adhesives, and certain special paints. Cheap 
thermo-plastics are produced from mixtures of 
pitch and asbestos fibre. A product known as 
plastic armour was extensively used in the 
Second World War as a substitute for armour 
plate. It consisted essentially of a mixture of 
pitch and graded stone, filled into suitable metal 
containers. Powdered pitch has been used as 
an extinguisher^* for magnesium and similar 
metal fires. 
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THE LESS COMMON PITCHES. 

Pitches are obtained from the distillation of 
tars other than coal tar, and are formed durmg 
the distillation of a variety of natural oils and 
fats. The properties of these pitches vary con- 
siderably, being dependent upon the maximum 
temperature of the distillation and on the period 
of heating.^* No definite figures can therefore 
be given for their physical and chemical proper- 
ties, most of them may have a consistency 
ranging from that of a viscous fluid to that of a 
hard brittle sohd. The simplest, and in some 
cases the most reliable, indication of the source 
of a pitch IS aiforded by the odour of the fumes 
emitted on heating The pitches, other than 
coal-tar pitch, which are used commercially 
include the following ; 

Anthracene Pitch. — This is the residue 
obtained in the purification of anthracene by 
distillation. It is hard, black, and glossy with 
high temperature succptibility. 

Blast - furnace Pitch and Producer 
Pitch are residues from the distillation of blast- 
furnace and producer tars. They are essentially 
coal-tar pitches and have similar properties but 
normally contain a higher proportion (10-20%) 
of mineral matter; their densities range from 
1*2 to 1 3. They have high temperature- 
susceptibility and moderate to good weathering 
properties. They ate normally used as fuel but 
may bo used for biiquetting and for cheap paints. 

Brewer’s (or Rosin) Pitch, v. tnfra, “ Wood 
Pitches.^^ 

Burgu ndy Pitch is an oleo^resin from Norway 
Spruce. 

Canada Pitch is an oleo-resin from the Hem- 
lock Spruce {i\ Vol. II, 2616). 

Cresoi Pitch (Tar-Acid Pitch) is the residue 
from the distillation of crude cresols. It is 
soluble in caustic alkali and in alcohol and is 
used to some extent in the preparation of 
lacquers. 

The Fat Pitches. 

(а) Bone-tar Pitch or Bone-oil Pitciv 
18 the residue from the distillation of bone oil or 
dippel oil obtained as a by-product in the 
manufacture of ivory black or bone charcoal. 
It should not be confused with bone-fat pitch 
(v. infra). It is the blackest of all pitches and 
has a brilliant lustre. When strongly heated it 
evolves fumes which contain basic substances 
and have the typical nauseating smell of bone 
oil. It is almost completely soluble in carbon 
disulphide and in pyridine bases but less so in 
light petroleum. Its solutions are dark brown 
and exhibit no fluorescence. Normally it is 
fairly hard, contains a high proportion of un- 
saponifiable matter and is in consequence 
moderately susceptible to temperature changes 
and not so weather resistant as the fatty-acid 
pitches. The density lies between 1 00 and 1*20. 
It is produced only in small quantities but is 
highly prized for the manufacture of japans and 
varnishes. 

(б) Fatty-acid Pitches (Stearin Pitches) 
are the residues from the steam distillation of 
candle-stock and soap-stock fatty acids and the 
fatty acids from cotton-seed foots, waste fats, 
and greases, etc. These pitches generally have 


a high solubility in carbon disulphide and in 
light petroleum, giving non-fluorescent solutions. 
Their temperature susceptibility and weathermg 
properties are in general related to the content 
of saponifiable matter. This is usually high in 
the softer grades which are consequently highly 
weatherproof and have low temperature-suscepti- 
bility. The weather resistance of some asphaltic 
bituments is said to be increased by the incor- 
poration of such fatty acid pitches. The density 
ranges from 0*95 to 1*1 and the coefficient of 
cubical expansion approximates to 0 0009 per ®c. 
Individual characteristics are : 

Bone-Fat Pitch : The distillation residue of the 
fatty acids from the fat extracted from bones 
by solvents or by steaming {v. Bone Fat, 
Vol. II, 286). Black in colour and usually 
soft, it contains an exceptionally high pro- 
portion of unsapomfiable matter and is 
therefore not very weather resistant. 

Lard Pitch * Brown and usually very soft, this 
pitch contains very little unsapomfiable 
matter. 

Tallow Pitch : Brown, usually hard, with only 
a moderately low content of unsapomfiable 
matter ; good weather resistance. 

Palm-Oil Pitch : Brown to black, the soft 
grades being dull The hard grades contain 
a considerable proportion of unsapomfiable 
matter and have only moderate weather 
resistance. 

Cottonseed- foots Pitch . Brown to black, usually 
soft and of good weather resistance. 

Cornoil-foots Pitch . Black, not very soft, but 
extremely rubbery with a low temperature - 
susceptibility. 

Packing-house Pitch : Brown to black, usually 
soft with a rather high temperature-suscepti- 
bility ; low content of unsapomfiable matter. 

Garbage and Sewage Pitch: Black, normally 
soft, but may have a high content of un- 
saponifiablo matter, low weather-resistance, 
and rather high temperature-susceptibility. 

Whale-Oil Pitch : Bright and black, it contains 
a fairly high proportion of unsapomfiable 
matter. 

Woolgrease Pitch: Black, usually soft, but 
with a high temperature-susceptibility and 
high content of unsapomfiable matter. Also 
known as cholesterol pitch owing to the 
presence of isocholesterol, which gives the 
Liebermann-Storch reaction for rosins. 2 « It 
contains an insoluble hydroxy-fatty acid 
(m.p. 80-82°o.).« 

Wool-Oil Pitch : Obtamed from the oil used to 
lubricate the wool fibres during processing. 
It contains no wocholesterol and its proper- 
ties to some extent depend on the oil used. 

Uses. — The chief use of the fatty-acid pitches 
IS in the preparation of varnishes, lacquers, and 
japans, for which purpose they may be used by 
themselves or in admixture with drying and 
semi-drying oils, bitumen, coal tar, and coal-tar 
pitch, etc. The harder grades are usually 
reserved for baking japans because of their 
inferior weather resistance when unbaked. The 
soft grades find some use as lubricants under the* 
name of neck-grease, wool-grease pitch being 
particularly useful for this purpose. Other uses 
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include insulating materials and lacquers for 
cables and armatures, printing, gravure, and 
copying inks, coloured tdes, and boot polishes. 

Ulycerine Pitch is the residue from the steam 
distillation of glycerol. It is greenish-brown to 
black in colour and consists very largely of 
polyglycerins, so that it is appreciably soluble 
in water. It is used for hectograph jellies, 
printing mks, and boot polishes. 

Lignite Pitch and Peat Pitch. — Lignite 
pitch is sometimes obtamed as the residue from 
the distillation of lignite tar although the distil- 
lation is usually earned to the coking stage. 
Peat pitch is obtained from the tar formed in the 
destructive distillation of peat or in producers 
operating on peat. Those two pitches are very 
similar in properties. They are black, usually 
hard, and contain little or no saponifiable matter, 
no anthracene or rosm, and considerable “ free 
carbon.” They are used for bnquettmg lignite 
and peat and for the production of cheap pamts. 

Montan-wax Pitch (Montan Pitch) is formed 
in the distillation of Mon tan Wax (v, Vol. VIII, 
p. 2356) ; it is a dark waxy pitch almost free 
from acidic substances. It is extensively used, 
together with montan wax, for boot polishes, 
gramophone records, etc. 

Naphthol Pitch and Naphthylamine 
Pitch are obtained in the refinmg of j3-naphthol 
and ]8-naphthylamine and find some use m the 
manufacture of lacquers. 

Oil -gas Pitch, V, infra Waier-Oaa Pitchy 

Peat Pitch, V. supra Lignite PitchJ*" 

Palm Pitch, Packing House Pitch, 
V. supra ** Fat Pitches ” 

Producer-gas Pitch v. supra ""Blast- 
furnace Pitch ” 

Rosin Pitch, v. infra "" Wood Pitches ” 

Shale-tar Pitch. — Shale tar is normally 
distilled to the coking stage but a small quantity 
of shale pitch is obtained from the mixed acids 
and alkaline washes obtamed m the refinmg of 
the distillates. It is very similar to Lignite 
Pitch (q.v.). 

Stearin Pitch, v. supra "" Fat Pitches^ 

Tail-oil Pitch or Tall Pitch, v. infra "" Wood 
Pitches, 

Water-gas and Oil-gas Pitches. — ^These 
are the residues from the distillation of the tars 
obtamed durmg the carburettmg of water gas 
and the manufacture of oil gas. They are black 
with a bright lustre, and are almost completely 
soluble m pyridme bases ; they are less soluble 
in carbon disulphide and benzene. The “ free 
carbon ” content is less than that of coal-tar 
pitch and the solutions show no fluorescence. 
They have a high temperature-susceptibihty but 
are very resistant to water and have good 
weathering properties. Their density ranges 
from 1*10 to 1*35, oil-gas pitch being usually 
denser than water-gas pitch. On account of 
their bnlliant lustre they are highly valued for 
the production of pamts and black varnishes. 

Wood Pitches. 

(a) Wood -tar Pitches. — ^Two types of 
wood-tar pitch are generally recognis^; they 
' are the rei^ues from the distillation of the two 
types of wood tar : Hard-toood tar derived from 
woods containing little resin, e.gf., oak, beech, 


poplar, etc., and soft-uHX>d, or Stockholm tar, 
derived from woods contaimng a high proportion 
of resm, e,g., fir, pme, etc. Soft-wood pitch is 
only rarely manufactured since the tar is mainly 
used without distillation. 

Properties, — ^These two types of pitch differ 
less than the corresponding tars.®^ Soft-wood 
pitches t^d to have a lower specific gravity and 
are paler in colour ; they are soluble to a slightly 
greater extent and contain more resin acids. 
All wood pitches contam these acids and conse- 
quently give a positive Liebermann-Storch re- 
action. Wood-tar pitches have a density 
between MO and 1*30, and are black or dark 
brown in colour with a particularly bright lustre. 
They are moderately soluble in carbon disulphide 
and m benzene, giving solutions free from 
fluorescence. Alcohol and aqueous ^kalis also 
dissolve them to an appreciable extent. When 
the alkalme solution is boiled an evil- smelling 
oil is liberated. These pitches have an ex- 
tremely high temperature susceptibility and are 
notonously non- weather-resistant, being oxidised 
to powder on exposure. They are in consequence 
of little use as paints in spite of their attractive 
appearance. They are used mainly for the 
preparation of plastics and insulating materials 
by condensation and polymerisation with form- 
aldehyde. They are also used for briquetting 
charcoal but the briquettes need to be car- 
bonised because of the offensive odour given off 
by the pitch on ignition. 

(6) Rosin Pitch (Brewer^s Pitch) is the 
residue obtamed when rosm (colophony) is 
distilled in the manufacture of rosm spirit and 
oils. It IS dull black m colour and is normally 
hard and exceptionally brittle. It contains a con- 
siderable proportion of rosin acids but no fatty 
acids, sulphur, or paraffins. It has a high tem- 
perature susceptibihty and very poor weathering 
properties. The density ranges from 1 *05 to 1 • 1 5. 
It IS used for linmg barrels and casks and for 
mcreasmg the hardness of other pitches. 

(c) Tall Pitch orTall-oil Pitch. — This pitch 
is the residue from the distillation of “ Tall Oil ” 
(v. Vol. I, 655d), a by-product of the sulphite- 
sulphate treatment of wood pulp. It is amber 
coloured and m distinction from the wood-tar 
pitches, consist mainly of fatty acids with only 
a small proportion of resin acids. It has been 
used as a war-time substitute for part of the 
linseed oil in oil paints.^’ 

Wool-grease Pitch, v, supra Fat Pitches,'' 
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E. V. E. 

PITCHBLENDE IS the name applied to the 
massive, colloform variety of uranimte, on 
account of its pitch-hke lustre on a freshly 
broken surface. The mineral uraninite crystal- 
hses m the cubic system, though crystals are 
rare; the massive, botryoidal and colloform 
variety (pitchblende) is much more common. 
Pitchblende is a complex oxide of uranium with 
small amounts of lead and the rare elements, 
radium, thorium, yttrium, lanthanum, helium, 
etc. It is structurally identical with uraninite, 
which consists essentially of uramum dioxide, 
UO2. Natural uraninite (includmg pitch- 
blende) is invariably more or less oxidised, and 
its actual composition lies between UO2 and 
U30g. Lead is alwaya present as the stable 
end-product of the raciioactive disintegration of 
both uranium and thorium. Although crystal- 
line uraninite may contain up to 14% of thorium, 
this element occurs m pitchblende o^y as traces. 
Helium, a gas first discovered in pitchblende, is 
VoL. IX.--42 


invariably present as a product of radioactive 
disintegration. 

The prmcipal constituents in a pitchblende 
from Johanngeorgenstadt, Saxony, were; UOg 
69 30, UO3 22-33, PbO 6*39, H^O 3- 17, As^O^ 
2*34, and CaO 1*00%. The HgO is probably 
due to alteration, ASgOg and CaO are almost 
certainly the result of impurities, and the UO3 
content of the mmeral is thought to be due to an 
oxidation process, or autoxidation promoted 
by radioactive decay. 

Pitchblende has a velvety black colour, a 
brownish-black streak, and a characteristic 
greasy or pitchlike lustre. It is brittle, has a 
hardness of 6i, and density ranging from 6*6 to 
8 5 (whereas crystalhne uraninite has p from 
8 0 to 10*0). The mineral occurs as a primary 
constituent of granitic rocks and associated 
pegmatites, and in certain metalliferous veins 
contammg lead, cobalt, nickel, silver, and tm 
mmerals deposited from hydrothermal solutions. 
The pitchblende deposit of Great Bear Lake, 
Northwest Territories, Canada, discovered in 
1930, IS probably the richest and largest source 
of uranium and radium in the world. Here the 
pitchblende represents colloidal deposition in 
cavities, and is accompanied by native silver 
and cobalt-nickel arsenides, the ore mineralisa- 
tion being related to granitic mtrusives. Until 
the discovery of the Canadian deposits, the ores 
of Chinkolobwe in the Katanga district of the 
Belgian Congo were the chief source of the world 
supply of radium and uramum. Here the ores 
consist of pitchblende together with its brightly 
coloured oxidation products, mcludmg the 
orange gummite and the reddish-brown clarkeite. 
The famous mmes at Joachimsthal in Czecho- 
slovakia, well known as the source of the pitch- 
blende from which Madame Cune first extracted 
radium, still yield valuable quantities of radium 
and uranium. 

Until a few years ago pitchblende and other 
uranium ores were mined not so much for the 
metal itself as for their radium content. Salts 
of uramum have, however, long been used for 
makmg indescent glass, for impartmg yellow 
and brown tints to glass, porcelain, and pottery, 
as mordants in dyeing and cahco-pnntmg, and 
in photography. On an average 760 tons of 
pitchblende ore are needed to produce about 
6 tons of uranium salts, or 1 g. of a radium salt. 
With the explosion of the atomic bomb on 
Hiroshima in 1944 the public became aware of 
the prodigious amount of energy pent up inside 
the uranium atom, and there can be httlo doubt 
that in the future the principal use of uranium 
derived from pitchblende will be in the realms 
of atomic energy. About 0*7% of uranium con- 
sists of the isotope 285 jj, l lb. of which is said 
to contain latent energy equivalent to the power 
developed in burning nearly 2,690 tons of coal. 
Radium, which is obtained almost wholly from 
pitchblende or uraninite, is mainly employed in 
curative medicine, especially in the treatment 
of cancer and skin diseases. Luminous pamts 
for dials, signs, gun-sights, etc., consume about 
a tenth of the total annual world production of 
about 200 g., and small amounts of the metAl 
are used for detecting inner flaws in metal cast-^^ 
ings and forgings. Canada and the Belgian 
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Congo are the chief producers of radium and 
uranium, but recent production figures are not 
available. 

Reference — C Palachc, H Berman, and C. Frondel, 
** System of Mineralogy,” 7th ed , Vol. I, New York, 
1944, pp 611-620 (contains numerous analyses and a 
valuable list of references). 

D. W. 

PITUITARY BODY {Hypophysis cerebri^ 
Hypophyse Fr., Gor.) is a small gland situated 
at the base of the bram in vertebrates. It con- 
sists of two developmentally distinct portions, 
the anterior and posterior lobes ; in some 
animals, includmg man, there is a third (pars 
intermedia). The gland is the source of a 
number of hormones essential to life and it is 
significant that it occupies a particularly well 
protected position m the body. 

The pituitary has been the subject of intensive 
research since Oliver and Schhfer first dis- 
covered that extracts of the gland caused a rise 
of blood pressure on injection (J. Physiol 1895, 
18, 277). An even more important effect is that 
on the uterus, discovered by Dale (Biochem. J. 
1909, 4, 427) and utilised for clinical purposes 
by Bell (Bnt Mod. J. 1909, ii, 1609). For this 
reason various pituitary preparations have been 
put on the market; these include Hypophysis 
sicca, U.S P. 1926, consisting of posterior lobes 
of cattle pituitaries, cleaned, dried, and 
powdered ; Extraclum Pituitani liquidum, B P. 
1932, which IS prepared from postenor lobes of 
cattle pituitaries by extraction with hot dilute 
acetic acid (pH 3-4) and is assayed on the 
isolated uterus of the guinea-pig by comparison 
with an extract of acetone-extracted dry, 
powdered standard substance ; and Liquor 
Pituitarn, U.S.P. 1926, which is tested against 
a standard prepared from at least 25 pituitaries 
of cattle by Voegtlm’s method (0 5 mg. = l inter- 
national unit). 

Recent work shows that from the posterior 
lobe of the pituitary three active principles can 
be extracted . vasopressin or pitressin, respons- 
ible for the ability of extracts to raise blood 
pressure, oxytocin, or pitocin, responsible for the 
action on the uterus, and a substance controlling 
the activity of the kidneys {antidiuretic prin- 
ciple), although the last effect may bo due to 
pitressm and not to a separate hormone. They 
are obtained in most cases by the extraction of 
acetone-dried posterior lobes with dilute acetic 
acid, followed by precipitation with organic 
solvents, the precipitate being dissolved in 
strong acetic acid and again precipitated ; 
fractional precipitation with salts is also em- 
ployed (Kamm et al., J. Amer. Chem. Soc. 
1928, 50, 573; Bugbeo and Kamm, Endo- 
crinology, 1928, 12, 671 ; Stehle and Fraser, 
J. Pharmacol. 1935, 55, 136 ; Irving, Dyer, and 
du Vigneaud, J. Amer. Chem. Soc. 1941, 63, 
503 ; the various methods are critically reviewed 
by Irving and du Vigneaud, Ann. New York 
Acad. Sci. 1943, 4f3, 273). A promismg method 
for the separation of the ox 3 d;ocio and pressor 
principles is chromatographic adsorption on 
artificial zeolites used by Potts and Gallagher 
(J. Biol. Chem. 1941, 140, cm; 1942, 143, 561), 
whose preparations appear to be the most active 
yet obtained (activity 460 pressor units and 700 


oxytocic units per mg. respectively). These 
preparations are almost colourless, hygroscopic 
powders, evidently polypeptides wdth a molecular 
weight of 600-2,000 (Irvmg and du Vigneaud), 
stable in dilute acid and decomposed by alkali. 
Pitressin is hydrolysed to tyrosine, cystine, 
arginine, prolme, and i^oleucme, whilst in 
pitocin leucine takes the place of isoleucine^ 
both give colour reactions for tryptophane 
(Stehle and Trister, J. Pharmacol. 1939, 65, 343). 
Potts and Gallagher (l.c,) find that the pressor 
fraction yields more arginine than the oxytocic. 
Histidine and choline have been found amongst 
the hydrolysis products of pitocin (Freudenberg, 
Weiss, and Biller, Z. Physiol. Chem. 1935, 233, 
172) ; the same authors find that pitocin is in- 
activated by t 3 n*osinase, which suggests that the 
phenolic grouping of tyrosmo may be essential 
for oxytocie activity. 

The early suggestion of Abel (J. Pharmacol. 
1930, 40, 139) that the various effects of the 
posterior lobe were due to one hormone con- 
sisting of a large “ mother molecule ” from 
which pitocin, pitressm, and the antidiuretic 
factor were derived by fission has recently been 
revived ; a preparation possessing pressor, oxy- 
tocic, and renal activity in equal measure has 
been obtained by van Dyke, Chow, Greep, and 
Rothen (ibid, 1942, 74, 190) by suspending fresh 
ground posterior lobes of oxen in cold 0 01 n. 
sulphuric acid, centrifuging off inert material, 
and salting out with 8% of sodium chloride at 
pH 3 9. The precipitate was further frac- 
tionated by precipitation with various concentra- 
tions of salt until a homogeneous product was 
obtained, as evidenced by constant solubility, 
electrophoresis, and ultracentrifugation data 
(0 7 g from 1 kg. of glands). This had an iso- 
electric point at pH 4 8 and a molecular weight 
of about 30,000 (dotermmed by the ultra- 
centrifuge) or 26,000 (from the amino -nitrogen 
value, assuming one free ammo group per mole- 
cule). The material contained httle phosphorus 
and a high percentage of cystine (16%), reduc- 
tion of which caused almost complete loss of 
activity ; the oxytocic activity was destroyed 
by trypsin and chymotrypsin, but not by pepsin. 

The pars intermedia of the pituitary produces 
only one hormone, the function of which m 
higher animals is not fully understood; in 
amphibia it causes the dispersion of the black 
pigment granules m the epidermal melanophores. 
An almost pure preparation of the hormone has 
recently been obtained (Landgrebe and Warmg, 
Quart. J. Exp. Physiol. 1941, 31, 31). 

The anterior lobe of the pituitary is rich in 
hormones ; six of these are generally accepted, 
namely the growth hormone, two gonadotropic * 
hormones, the lactogenic hormone, the thyro- 
tropic hormone, the adrenocorticotropic hor- 
mone; there may be a metabolic hormone. 
These are all proteins in character and at least 
one has been isolated in the pure state, others 
nearly so. 

The growth hormone is obtained by extracting 
anterior lobes with either neutral or mildly 

* In the more recent reviews the terms gonadotrophic, 
tl^otrophlc, etc., have been used in place of gonado- 
tropic, etc. The older term has been retained in the 
present article for the sake of unifoimity. 
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alkaline salt solutions (barium or calcium 
hydroxides, sodium chloride) and is freed from 
accompanymg hormones by various methods, 
includmg ultracontrifugation at a definite pH 
(White and Bonsnos, Endocrinology, 1940, 26, 
990), but a pure preparation has only recently 
been obtained (Li and Evans, Science, 1944, 
99, 183 ; Li, Evans, and Simpson, J. Biol. Chem. 
1945, 159, 353). The most active preparations 
have a molecular weight comparable with that 
of egg or plasma albumin, are destroyed by heat 
and proteolytic enzymes, and are apparently 
more stable to alkalis than acids. Administra- 
tion of the hormone produces a remarkable 
stimulation of body growth leading to gigantism 
(c/. Evans et al., Mem. Univ. California, 1933, 11, 
446) 

The gonadotropins are distinguished as the 
follicle- stimulating hormone (FSH), causing 
growth of ovarian follicles and of the male germ 
cells, and the interstitial- cell stimulating or 
lutemismg hormone (ICSH, LH), which causes 
the growth of corpora lutea in immature female 
animals and the growth of semmal vesicles and 
the prostate in males. These gonadotropins 
correspond roughly to Prolans-A and -B of 
Zondek (see Hormones, Vol. VI, 266d), but the 
term Prolan has been abandoned because it had 
also been applied to a hormone extracted from 
pregnancy urine which has since been shown to 
originate in the placenta (chorionic gonado- 
tropin, PU) and to have no action on hypo- 
physcctiomisod animals. A potent gonado- 
tropin (PM8) has also been obtained from the 
serum of pregnant mares ; it is said to be derived 
from the endometrium (H. II. Colo and H 
Goss, “ Essays in Biology,” University of Cali- 
fornia Press, 1943, p. 103). 

E8H occurs in the urine of women after the 
menopause, but has not been isolated from it in 
the pure state; the best sources are sheep or 
hog pituitaries. It is assayed by the increase 
in weight of ovaries of hypophysectomised 
animals ; if purification is complete, the prepara- 
tion does not cause the formation of corpora 
lutea in such animals, an eJBfect due to ICSH. 
Three groups of workers claim to have isolated 
substantially pure ESH (Creep, van Dyke, and 
Chow, J Biol. Chem 1940, 133, 289; Endo- 
crinology, 1942, 30, 036 ; Jensen, Tolksdorf, and 
Bamman, J. Biol. Chem. 1940, 135, 791 ; 
Fraenkel-Conrat, Simpson, and Evans, Proc. 
Soc. Exp. Biol. Med. 1940, 45, 627). ICSH 
has been isolated by Van Dyke et al, and by 
Evans et ah, who regard their preparations as 
I)ure on the strength of electrophoretic, ultra- 
centrifugal, and solubihty data, while Fevold 
(Ann. Now York Acad. Sci. 1943, 43, 321) has 
obtained an even more potent preparation of 
ICSH which is not, however, claimed to be a 
pure protein. In the same paper a comparison 
of the different methods of isolation is given; 
these are based on the extraction of the glands 
with dilute sodium chloride or with 40% 
alcohol, followed by fractional precipitation. 
For the final separation of FSH and ICSH 
advantage is taken of the different solubilities 
of the two gonadotropins in solutions of am- 
monium sulphate (Fevold) or sodium sulphate 
and acetate buffer (Chow,^ ibid, p. 309). It 


should be noted that as the starting materials 
of the different groups of workers and also their 
methods of assay are different, their results are 
not strictly comparable, especially in view of the 
undoubted species specificity of several of the 
pituitary hormones (c/. Frae^el-Conrat, Annual 
Review Biochem. 1943, 12, 273). The gonado- 
tropins are both glycoproteins although they 
differ m their carbohydrate content ; they are 
inactivated by proteolytic enzymes and by 
keten, FSH also by cysteine (Chow, Z.c.). The 
secretion of gonadotropins can be influenced by 
the administration of steroid sex hormones, but 
the relationship is not a simple one. 

Prolactm (mammotropm, lactogenic hormone) 
18 the hormone responsible for mammary growth 
and lactation, although it is only active after 
previous treatment with oestrogens; it can be 
assayed owmg to its action on the crop gland of 
pigeons and appears to be the hormone respons- 
ible for “ broodmess ” or nesting instinct of 
birds and the maternal instinct of mammals. It 
has been obtained pure (c/. White, Ann. New 
York Acad. Sci. 1943, 43, 341) by precipitation 
of an acid-acetone extract of beef pituitaries 
with acetone (the method originally due to 
Lyons, Proc. Soc. Exp. Biol. Med. 1937, 35, 645), 
the precipitate bemg extracted with water and 
agam precipitated. An alkaline extract of this 
preparation is adjusted to pH 6 6 and treated 
with ammonium sulphate, precipitatmg the 
adreno-corticotropic fraction, the solution ad- 
justed to pH 5 4, and the precipitation repeated 
several times. Finally, salts are removed by 
dialysis and the substance dried with acetone. 
It can bo crystallised, but this does not increase 
the activity and repeated crystallisation appears 
to denature it. The isoelectric point of prolactin 
IS pH 5 7 and the molecular weight about 35,000 
(by sedimentation), while calculations based on 
the ammo-mtrogen content give a lower value, 
25,000. Prolactin is digested by both pepsin 
and trypsin and is inactivated by keten and 
nitrous acid. On hydrolysis it yields 5*5% 
tyrosine, 3-4% cystine, 4-3% methionine, and 
8 3% arginine (Li, Lyons, and Evans, J. Biol. 
Chem. 1941, 140, 43) ; the sulphur content is 
about 2% (White, lx.), 

A connection between the function of the 
pituitary and the thyroid m a number of animals 
has been known for some time and there is 
evidence to show that a pituitary hormone 
affects the thyroid by way of the blood stream 
without the intervention of the nervous system. 
The isolation of the thyrotropic hormone is due 
to several groups of workers (Fevold; Jensen ; 
White, and Fraenkel-Conrat, with their as- 
sociates) and the purest so far obtained behaves 
as a homogeneous compound in the sedimenta- 
tion test and m the ultracentrifuge. This was 
prepared by the extraction of frozen and ground 
pituitaries with 2% sodium chloride at pH 7*8, 
removal of accompanying products by precipita- 
tion with acetone at pH 4*1, and the addition of 
more acetone, which brings down the thyrotropic 
hormone. The solid was again dissolved in 
water, more material removed by 5% lead 
acetate at pH 7*0, then with trichloroacetic acid, 
the solution being finally purified by dialyeis 
and concentrated (Cieroszko and White, Federa- 
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tion Proc. 1942, 1 , 105). The dry product is a 
white solid, wtdch is a protein and gives a 
positive carbohydrate test. It is suggested that 
the action of the hormone consists in the control 
of the iodine uptake by the thyroid gland and 
of the conversion by the latter of di-iodotyrosine 
into thyroxine, a view supported by experi- 
ments with radioactive iodine (Morton, Perl- 
man, and Chaikoff, J. Biol. Chem. 1941, 140 , 
603). 

Removal of the hypophysis leads to degenera- 
tion of certain portions of the adrenal cortex 
giving rise to symptoms of adrenal deficiency 
and emaciation. The opposite symptoms, 
t.s., adiposity (Cushing’s syndrome), are found 
associated with tumours of the adrenal cortex or 
of the anterior lobe of the pituitary. The 
symptoms of emaciation are alleviated by 
the administration of pituitary extracts and 
the most potent fractions are contained m the 
mother liquors of the thyrotropic hormone 
(adrenocorticotropic hormone, ACTH). From 


these, products were ultimately obtained which 
behaved as homogeneous compounds as regards 
solubility and on electrophoresis and rfitra- 
centrifugation. They had a molectdar weight 
of the order of 20,000 and an isoelectric point at 
pH 4*7 (Bates, Riddle, and Miller, Endo- 
crinology, 1940, 27, 781; Li, Simpson, and 
Evans, Science, 1942, 96, 450). 

The existence of a separate metabolic hormone 
in the pituitary has been the subject of much 
work, but cannot be regarded as certain; 
a number of other functions of the gland in 
regulating different vital processes are beyond the 
scope of this article. 
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substitutes, 20a 
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— chromate, 636d 
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— , synthesis, 11 Id 
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Cracking catalysts, 347c 

— , catalytic, 3406 
— , — , fixed bed, 341c 

— for olefins, 373d 

— furnaces, 339d 

— gases, 3486, 3536, 372d 
— , moving bed, 341d 

— reactions, 346a 
” Cratsegon,** 286d 
Cresols, o-, w-, and p-, 4726 


Cresols, detn., 472d 
p-Cresyl methyl ether, 283a 
Cryptopine, 103d, 104a, 114c 
Crystallisation, 448a 
Cubebin, 90a 
Cubebs oleo-resin, 90a 
Cuminol, 474c 
Custard apple, 254c 
“ Cyanidin reagent,” 259c 
“ Cyanogas'* 312a 
Cyclamen aldehyde, 2866 
Cyclic mono-, di-, and poly- 
olefins, 89c 


D 

DBP, 312d 
DDT, 309a, 4006 
Debye-Hiickel activity equa- 
tion, 141a 

n-Decaldehyde, 284a 
J®-Decenoic acid, 13a 
n-Decyl alcohol, 281d 
Dehydrogenase , reac 1 1 ons, 1 6 1 6 
Dehydrogenases, 160a 

— and flavoproteins, 164c 
respiratory equilibria, 

IGla 

SH groups, 1626 

— , cmnzyrnes, lt)2c 
— , equilibria, 160c 
— , inhibitors, 161c 
— , specificity, 161a 
Dehydrogenase systems and 
hydrogen acceptors, 1626 
Dehydrogenation, 3536 
Delphimax oils, 6c, 7a, 36d, 37a 
” Delphimdm reagent,” 259c 
” Dephlogisticated air,” 168d 
Detergents from petroleum, 
400a 

Dialkyl peroxides, 297a 
aS-Diammo - n - valeric acid, 
1296 

Diaphorases, 164a 
Diastereoisomers, 117d 
Diatomite, Old 
2 :2- ipp' - Dichlorodiphenyl )- 
1-1:1 - trichloroethane, 
309a 

“ Dicodide,** 109d 
Diels-Alder condensation, 14c, 
61c 

Diene Value, 61c 
Diesel fuel, 3856 

— promoters, 3866 
Di-ethylidene peroxide, 2986 
Dihydr ocmnamaldehy de , 

286a 

Di (hydroxymethyl ) per- 
oxide, 297d 

9:10-Dihydroxy8tearic acid 
from oleic acid, 11c 
Dika fats, 19a 
” Difaudidc,” 1066 
3:7-Dimethyl - octan - 1 - ol, 
282a 

Dimethyl peroxide, 2976 
Diolefins, 89c, 354d 

— and polyolefins, 89c 
“ Dionine,'' 105d 
Diphenoxazines, preparation, 

150a 

— , structure, 150a 
Diphenylamine, 290c 
Diphenyl ether, 283a 
Dissociation of electrolytes 
(Arrhenius), 97a 
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Dissociation of weak elec- 
trolytes (Onsager), 97a 
Distemper finish, 20Qd 
DMP, 312c 

“ Doctor solution,’* 308a 
n-Dodecaldehyde, 284a 
Dolphin and porpoise fats, 36d, 
37a, 64c 

Dunite refractories, 035 
Dyes and stains, 623d 


E 

Edeleanu solvent, 3705 
Edge-runner, 205a 
Eggshell finish, 206c 
Emstem unit, N, 526c 
Elasostearic acid isomers, 145 

, structure, 05, 135 

, ultra - violet absorption, 

2d, 275 

Elaidic acid. 115 
Elasmobranch fish oil, 65, 12a, 
355 

Electrode, arbitrary zero, 1546, c 
Electrodeposition overpoten- 
tials, 1465 

Electrode, zero, in Lewis 
activity theory, 154c 
Electron microscope, 239c 
Electron-volt, 626c 
“ Enzyme, respiratory,” 1665 
Enzymes, copper-containing, 
1666 

— , iron-containing, 1655 
— , oxidising, 159d 
— , respiratory, 160a, 160c 
Ephe(£rine, enzyme inhibition 
by, 1675 

Eriodictin, 2015, d 
Esparto and straw pulp, 217c 
Essang oil, 28a 
Esters in perfumery, 288a 
Ethylene and polyethylene, 
855 

Ethylidene peroxide, 208a 
EthylvanUlin, 285d 
tsoEugenol, 290d 
” ExaUone,** 291a 
Extenders, 203a, 023c, 029d 
Extinction coefficient, molar, 
2d, 542a 


F 


Factice, 525 

” Fadeometer,” 586d, 587a 
Farnesol, 2825 

Fat analysis, acetyl value (see 
also names of authors and 
tests), 65a 

, acid value and free fatty 

acids, 62c 

, ash, dirt, sea water detn., 

675 

, Ave - Lallemant Baryta 

Value, 69a 

, bibliography, 80a 

, fluorescence method, 79d 

for keeping properties, 

75d, 76a 

, insoluble bromine com- 
pounds, 6 Id 

, metallic impurities detn., 

505 

, oil ” break,” 41a, 50a 

, oxidisability value, 76d 

, sampling, 565 


Fat analysis, saponification 
value, 69d 

, solidifying point, 77d 

, specific t^te, 63a, 66d 

— • — , sterol acetate, 645 

, Thiocyanogen Value, 605, 

615 


, titre point, 77d 

, unsapomfiable matter, 

22a, 63a 

, water detn., 66c 

Fats, see also Fat analysis ; 
Fatty acids ; Oils 
action of sulphuric acid on, 
51a 

animal depot, component 
acids, 7a 

— , extraction in autoclaves, 
405 

— , — water absent nr pre- 
sent, 39d, 40a 
aquatic organisms, 5d 
bleaching, adsorption 

methods, 43a 

— , oxidation methods, 

43d 

— , with sulphuric acid, 
4a 

bulk weight, 785 
colour measurement, 79c 

, photoelectric, 79d 

, component glycerides, 35, 45 
■ containing isovaleric acid, 
5c, 86d 
, cooking, 545 
definition, Ic 
deodorisation, 445 
” dry rendering,” 39d 
extraction by pressure, 38c, 
40c 

solvents, 39a 

decortication in, 385 

— expeller presses, 38d 

- from nute and seeds, 38a 
vegetable pulp, 37d 

— (” rendering ”), 37a 

— solvents, 30a 
hydrolysis by alkali, 49a 
enzymes, 44c 

lipase, 46d 

sulphuric acid, 465 

water, 45d, 465 

land animal {see also Cow 
butter, Cow milk), 16a 
liquid vegetable, 16a 
liver, source of vitamins-A 
and -D, 7d 

mammalian milk, 8a, 31c, 
32a, 33d 

marine fish (body or liver), 
16a, 34a 

marine mammalian, 16a, 
35c 

^ melting-point, 76d 
• of freshwater organisms, 6a 

— marine organisms, 6a 
, optical dispersion, 795 
, — rotation, ISc, 21c 
, orange or yellow dyes in, 

735 

, ox, pig, and sheep depot, 305 
, ” plasticised,” sp.gr., 70a 
refining, 40c 

- by neutralisation, 41a 
, — , removal of suspended 

non-fats, 40d 
— , tests of, 69c 
, refractive index, 79a 
, seed, chaulmoogra group, 
12d, 21a 


663 

Fats, seed, 'occurrence of fatty 
acids of, Oa 

— , — , rich in arachidic acid, 
20d 

— , — , lauric and myristic 

acids, 18c, 10a 

— , — , lignoceric acid, 

21a 

— , — , palmitic acid, 18d, 

195 

— , — , stearic acid, 18d, 

20a 

— , separation in molecular 
stills, 42c 

— , site, in organism. Id 
— , smoko, flash and fire points, 
79c 

— , solid fruit-coat, 10c 
— , — land animal body, 16a 
— , — vegetable, 15d 

— sources, Bombacacece, Com- 

posttcBi Graminece, Lahiatce, 
LinacecCf Malvacece, Rosa- 
cece, 8d 

— , specific gravity, 785 

— synthesised in viro, 75 
— , technically valuable, 15c 
— » triglycerides, analysis by 

hydrogenation, 3c 

— , — , , oxidation, 35 

— , — , bromo -addition products, 
4d, 135, 145 

— , — , calculated composition, 
4d, 55 

— , — , components, 35, 45 
— , — , major component acids, 
5c 

— , — , minor component acids, 
5c 

— , — , rule of even distribution 
of fatty acids, 45, 6d 
— , Twitchell hydrolysis, 40c 
— , unsaturatod, additive halo- 
gen products {see also Oils, 
drying), 51c 
— , — , and oxygen, 47a 
— , — , hydrogenated, 61a 
— , — , oxidation catalysts for, 
48a 

— , — , inhibitors for, 265, 

485 

— , — , — 47a, 48a 
— , — , — , to peroxides, 475 
— , — , photochemical oxidation, 
48a 

— , — , reactions with sulphur 
and sulphur chloride, 52a 

— , — , thiocyanogen, 62a, 

615 

— , vegetable, effect of climate 
on, 10a 

— , viscosity, 795 
Fat triglycerides, analysis by 
crystallisation, 2d 
Fatty acids, autoclaved, 40a 

, diethenoid, 7a, 13d 

, — , ultra-violet absorp- 
tion, 2d, 14a 

, highly unsaturated, 105, 

14d 

in fats of aquatic animals, 

6d, 34a 

fruit-coat fats, 85, 9a, 

16a, 18o 

, land animal {see also Cow 

butter), 6o 

, marine animal, 6a, 7a, 

12a, 14d 

, monoethenoid, 11a, I2a 

, m.p.’s, lOd 
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Fatty acids, polyethenoid, 13d 

, — , detn. by extinction 

coefi^iente, 2d, 14c, 27d 
, — , — with maleic an- 
hydride, 14c, 61c 

, — , marine animal, 14d 

, — , vegetable, 13d 

, removal by distillation, 

426 

, saturated, 10c 

, seed fats, 8c, 9a, 17c-286, 

55a 

^ ^ even - numbered, 

saturated, Sd 

, separation by crystallisa- 
tion, 2d 

^ distilling methyl, 

esters, 3a, 156, 696 

, lead salts, 26, 65a 

, elaidic acid, 696 

, — from insoluble bro- 
mides, 696 

, structure, 106, d 

, synthesis, lOd, 11c 

, tetraethenoid , 14d, 276, 

286 

, triethenoid, 13d, 146 

, — , detn. by ultra-violet 

absorption, 2d, 14c 

, unsaturated, lOd 

F^alite, 93a 
“ Ferroin ** indicator, 148c 
Pick’s law and diffusion of ions, 
141d 

Finishing coats, 206a 
Fish liver oils, 6a, 14d, 34a, 54a 

— oils, sulphated, 51c 
Fitelson t^t, 72d 
Flat finish, 206c 
Flavicidm, 2696 
Flavin-adenine dmucleotide, 

164c 

— dinucleotides, 164a 
Flavoproteins, 163d, 164a 

— in respiration, 164d 
“ Fixed oils,” Ic 

Flow sheet (phase rule), 457d 
Fluorapatite, 482d 
“ Fluorite,*^ 6116 
” Foots ” from refining oils, 
416, d, 42a, 57c 
Forsterite refractories, 93a, 6 
Franck - Condon Principle, 
531a 

Freon,^^ 313d, 396c 
Fruit-coat fats, 8c 
Fuel oil contamination, 58a 

in whale oil, detn., 58a 

” Fugitometer,” 586c, d 
Fuller’s earth, 6316 
Fiunigants, 312a 
Fumigation, phosphine, 516d 
Fungicides, 4006 
Furnace oils, 3196 


G 

Gadoleic acid, 12a 
Gallocyanines, 151c 
Gamboge butter, 206 
** Gammexane'^ 311a 
Gasification of solid fuel, 
oxygen in, 18 Id 
Gas oils, 390c 
Gasoline, 374c 
— , airplane, 882c, 383a, 3846 
— ,. — , alkylates, 3836 
-T> catalytically cracked, 344d, 
3776 


Gasoline, catalytically re- 
treated, 344a 

— from thermal cracking, 377a 
vapour - phase cracking, 

377c 

— , gum detn., 376a 
— , — inhibitors, 3816 

— hydrocarbons, 3766, 377d 
— , olefin removal from, 3446 
— , polymer, 352c, 377c 

— , polytreating, 3446 
— , properties, 375c 
— , reformed, 339a 
— , Reid test, 376a 

— substituents, 387c 
Geyserite, 97d 
Gibbs energy, 2386 
Ginger oleo-resin, 906 
” Glassine,** 232c 
Glyceride separations, 70a 

by hydrogenation, 70c 

Glycyphyllin, 48 lo 
Gnoscopine, 112c 

Gorlic acid structure, 126, 13a 
Gossypol, 42d 
— , detn., 58d 
Graham’s salt, 510a 
Graphite, 640d 
Graphitic oxides, 177c 
Greases, 29d, 406 
Green acids, 398d 
— , Emerald, 639a 
— , Malachite, dye, 639a 
— , Rinmann’s, 639a 
— , Scheele’s, 639a 
— , Vindian or Guignei’s, 639a 
Greens, Brunswick, 638a 
— , chrome, 038a 
— , — oxide, 638a, d 
— , copper, 639a 
— , zinc, 638c 
‘‘ Gregory’s salt,” 103a 
Groundnut, peanut or earth- 
nut oil, 226, 53a, 55a 

— oil, hydrogenated, 22d, 53c 
Grotthus-Draper law, 542a 
Grinding pigments, 6256 
GR-5, 397c 

Grugni fat, 176 
Gurgi nut fat, 206 
Gypsum, 6306 


H 

Halation, 5536 

Half-life of molecules, 5336, 
642a 

Halphen’s test, 71c 
Heavy spar, 630a 
Heliotropin, 286c, 649c 
Helium, natural gas, 3726 
Hemp-seed oil, 26d, 276, 55c 
n-Heptaldehyde, 283c 
” Heroin,” 106d 
Hesperidin, 2016, d 
y - Hexachlorocpc/ohexane, 
311a 

Hexadecenoio acid, 6d, 86, 
10c, 37a 

, structure, 12a 

Hexa-ethenoid G |4 acid, 156 
Hexahydroxybenzene, 479a 
Hormone, metabolic, 660c 

— of growth, 658d 

— PSH, 6596 

Hormones, pituitary, 658c 
Horse body fat, 306 
Hue of pigments, 624c 
Hu m a n milk fat, 31d 


Humboldtine, 149a 
Hurter and DriflQeld curve, 
647c, 667a 

gamma, 668a 

Hydnocarpus oil {see also 
Ohaulmoogra oil), 21a, 66c 

in treatment of leprosy, 

12d, 216 

Hydro-oodimer, 352a, c 
Hydrocotcu^nine, Hid, 114d 
Hydrocyanic acid, 312a 

warning gases, 812a 

Hydrogen acceptor, 1606 
Hydrogenation, destructive, 
363d 

— of unsaturates, 363a 
Hydrogen donator, 1606 

— halides, ultra-violet absorp- 

tion spectra, 534a 

— overpotential, 142c 

— peroxide of crystallisation, 

2956 

— phosphide, solid, 516a 

— production, 366a 

— transportase, 1606 

Hydroperoxides, 2966 
Hydroquinone, 476c 
Hydroxonium ion, 176a 
Hydroxy-acids detn., 64c 
Hydroxy-alkyl hydrogen per- 
oxides, 296c 

Hydroxycitronellal, 284c 
a-Hydroxyethyl hydrogen per- 
oxide, 296a 

12 - Hydroxy - J® - octa - 
decenoic (ricmoleic) acid, 
13c 

Hypophosphoric acid, 6066 
Hypophosphorous acid, 507c 
Hypophysis cerehriy 658a 


1 

Illip5 butter, 206 
” Indalone” 312c 
Indanthrene pigments, 646d 
Indicators, 4246 
— , colour changes, 421a, 4246, 
4286 

— , comparators, 428c 
Indole, 289d 
Induction period, 542a 

in fat oxidation, 486 

Hg-f CL reaction, 535a 

Infrasizer, 242a 
Infusorial earth, 97a 
inner light filter, 5426 
Insecticide dispersal, 312a 
— , naphthalene, 312c 
— , mcotine, 305a, d 
— , Pans Green, 304a 
Insecticides (see also Pest con- 
trol), 4006 
— , arsenate, 3046 
— , arsenite, 3046 
— , contact, 306a 
— , copper and sulphur, 3086 
— , ethylene oxide, 312o 
— , fiuoride, 304a 
— , halogenated hydrocarbons, 
3126 

— , hydrocarbon, 307c 
Insecticide sprayers, 3136 
Insecticides, stomach, 304a, 
305a 

— , spithetic organic contact, 

sosa 

Insect pests control, 302a 
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Insect repellents, 312c 
Insulatiziff oils, 4006 
Iodine Vidue, Hanus, 60d 

, Httbl, 60d 

, Rosenmund - Kuhnbenn, 

60d 

, Wijs, 606 

Ionic activity coefficient, 141a 

— mobility and electrophoretic 

effect, 96a 

time of relaxation, 966 

lonones, 2876 
Iron-porphyrin, 166d, 1666 

— oxide pigments, 63 Id 

— , removal from water, 614a 
Isohydry, 42 4d 
Isomerisation with alumi- 
nium chloride catalyst, 361a 


J 

Jaggery, 212a 
Japan wax, 166 
Jasmone, 287d 
Java almond fat, 166, 206 


K 

Kanya fat, 206 
Kapok oil, 24c, d, 536, 55o 
Kerosene, 389c 
Keto-elaeostearic acid, see 
Licanic acid 
Ketone peroxides, 298c 
4-Keto-J®' - octadecatri- 
enoic (licanic) acid, 96, 
136, 14d, 28a, 81a 
Kieselguhr, 97d 
Kirscnner Value, 68a 
Kleeman formula, 225c 
Knocking of gasoline, 376a 
Knotting, 207a 
Kohlrausch law of indepen- 
dent migration of ions, 
140d 

— square root law, 94d 
Kokum fat, 20a 
“ Kraft pulps, 219a 
Kreis-Kerr test, 496 
Kurrol salts, 6116 


L 

Laccase, 166c 
Lackmoid, 150c 
“ hacauer” 203c 
Lactofiavin, 163d 
Lakes, 623c 6426 
— from acid dyes, 6436, 646a 

anthraquinone, 6466 

bases, 643c 

basic dyes, 645d 

, formulae for, 645d 

Laxnbert-Beer law, 241c, 243d 
Lanolin, 316 
Lanthopine, 104a, 116a 
Lard, characteristics, 28c, 63c, d 
— , crystallisation 63c, 70d 
“ Lard, neutral,*’ 39d, 406 
Laudcmidine,** 104a, 118d 
Laudanine, 104a, 113c 
Laudanosine, 103d, 113a 
Laurie acid in fats, 176, 18c 

syntheses, lOd 

Laurite, 138d 
“ Lauseto 312a 


Law of mass action for activi- 
ties, 140d 

rectilinear diameters, 1326 

Lead sulphate, basic, 627a 
Leaf pigments, 592d 
Lecitum detn., 686 
Lemon chrome, 634c 
Levigating pigments, 6266 
Licanic acia {Licania ngida), 
96, 136, 14d, 28a, 81a 
Liebermann-Storch test, 72c 
Light-fading prevention, 690c 
Light-fastness and humidity, 
689a 

hydrogen peroxide, 

6896 

of dyes, 585d, 587d 

— sources, photochemical, 5276 
Linalyl acetate, 288c 
Linde oxygen process, 183c, 
185a 

Linoleic acid, 24a 

, distribution, 14a 

, reactions, 136 

, structure, 136 

Linolenic acid, 26a 

, reactions, 146 

, structure, 136 

Linseed oil, boiled, 266 

** break ** test, 41a, 59a 

, characteristics, 27a, 536, 

55c, 62a 

, components, 26a, 27a 

, distribution, 27a 

, polymerisation, 50c 

Lipase, 44c, 46a, 46d 
Lippmann process, 577c 
Lithopone, 027d 
Liver-fats, Id 
Logwood lakes, 642c 
Lnhricatmg oils, 302a 
Lumbang (^ndlenut) oil, 26c, 
21b 

“ Luminal,** 466c 


M 

Mackey test for spontaneous 
heating of oils, 766 
Macleod’s rule, 225c 
Maclurin, dyestuff, 826 
Maddrell salt, 6096, 510d 
Magnesite, 630d 
Magnesium peroxide, 293a 
Mahogany acids, 398d 
Maize (corn) oil, 26c, 53a, 
66a 

Malabar tallow, 206 
Malachite (mm.), 639a 
Male fern oleo-resin, 90c 
Maleic Anhydride Value 
(M.A.V.), 61c 

Malonate reagent in cell meta- 
bolism, 161d 

Margarine, 17c, 27a, 296, 31d, 
44c 

Mean ionic activity, 417c, 4246 

strength, 4246 

Meconic acid, 99c, 1156 
Meconidine, 115a 
Meconine, 99c, 1126, 1166 
Meconoisih, 1166 
Medium (vehicle), 2036 
Meso-compoimd, 117d 
Meta and polyphosphates of 
calcium, 6126 

Metaphosphorip acid, 606a 
Metaphosphorous acid, 607o 
Methiemoglobin, 166a 
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— bdethozyacetophenoiipf 

286d 

- Methoxyphenyldcetalde - 
hyde, 286a 

Methyl anthranilate, 2896 
— benzoate, 2896 
6-Methylcoumarin, 2906 
Methyl heptyne carboxylate, 
2896 


— hydrogen peroxide, 2966 
Methylionones, 287c 
Methyl iV^-methylanthranilate , 

289c 

— jS-naphthyl ketone, 287J 

Methyl - n - nonylacetalde - 
hyde, 2846 

Methyl salicylate, 288c 

— n-amyl ketone, 286c 
Mitscherlich pulp, 219d 
Molozonides, 198c 
Molybdic acid catalyst, hydro • 

cracking, 364a 
Monochromator, 5426 
Monosodium phosphate, 495d 
Montmorillonite, 369d 
Morin, synthesis, 81d 
Morphine, assay in opium, 
104a 


— , constitution, 106c 
— , diacetyl (diamorphine), 

105d 

— in opium, 996, c, 1006, 1016, d, 
102c, 103a, d, 104a, 106a, 6 
— , properties, 1056 
apoMorphme, 106a 
pscuJoMorphine, 103d, lOOd 
Morse equation, 5426 
Motor fuel, 374a 
Mowrah fat, 206 
Murumriru fat, 176, 18c 
1-Muscone, 291a 
Musks, artificial, 289d 
Mustard oils, 23a 
Mutton tallow, component 
acids, 7a, 286, 30a 
Myristic acid, distribution, Oa, 
10c, 18c 

Myristoleic acid, 12a 


N 

Naphthenes, 3206 
Naphthenic acids, 323a, 400a 
i?-Naphthol, ethers of, 2836 
Naphthophenoxazine dye 
stuffs, 160d 
Narceine, 103a, 113d 
— , reactions, 114a 
Narcotine, 996, 103a, 6, d, 1066 
111c 

Narcotoline, 113a 
Natural fatty acids, see Fatt> 
acids 

Neats* foot (trotter) oil, 31a 
“ Nembutal,** 276a 
Neopine, 109d 
** Neoprene ** rubber, 397c 
Nemst equation of electrode 
potential, 141c 
Nerol, 281d 
Nerolidol, 2826 
Nervonic acid in brain cere- 
brosides, 12a 
Neuberg chalk, 6316 
Neutrausation of acids and 
bases, 424d, 42oc 
Nickel, detn. in oils, 64d, 5^ 
— oxide, NiO, composition, 177c 
Nico irism,116d 
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Nicotinamide, 165c 
Niger-se^d oil, 256, d 
Nitro-paraffins, S9Qd 
n-Nonaldehyde, 2SSd 
n-Nonyl alcohol, 2816 
Nutmeg fat, 19a 
Nut oil, alcohols and detergents 
from, 17c 


O 


Octadecadienoic acid 

(animal), 76 

CIS - CIS J*' ^’“-Octadecadienoic 

(linoleic) acid (seed fats), 
136 

Octadecadienoic acids, iso- 
mers, 136, 14a 
11, 18 . Octadecatrienoic, 

lelscosiearic) acid isomers, 
136, 276 

j9, 12,15 _ Octadecatrienoic 

(linolemc) acid isomers, 
136, 26a 

CIS - J® - Octadecenoic (oleic) 
acid, 106, 11a, 21d 
Octadecenoic acid, structure, 
11a, 12a, 6 

n-Octaldehyde, 283c 
Octane numbers, A.S.T.M,, 
3756, 379a 

isoOctanes from butanes, 352c 
Octylphenols, 4746 
Odoriphores, 135d 
CEnanthol, 283c 
Oil absorption, 203a 
Oil-emulsion hmsh, 206d 
Oil refining, alkaline, 416, 
369a 

Oils, see also Fat analyses ; 

Fats ; Fatty acids 
— , by-product, analysis, 566 
— , ** drying ” {see also Fats, 
unsaturated), 20a 
— » — » cyclic polymers, 60a 
— , — , effect of heating {see also 
Fats, unsaturated), 49d, 
50c 

— , — , “ hydrogenation - crack- 
ing,” 50a 

— , — , “non-drying” and “semi- 
drying,” 24a 

— , — , oxidation, 47a, 49d 
— , — , thermal polymerisation, 
50a 

— (fatty) and fats, la 
, technical analysis, 

52c 

— , fish, analyses, basking shark, 
coalfish, cod, dogfish, hake, 
halibut, herring, ling, pil- 
chard, sardine, salmon, 34a 
— , — , and marine animal, 

analyses, 7a, 34a, 37a, 63c, 
54a 

— , fish body, hydrogenated, 
35c 

— , — , glycerides, 36a 
— , — liver, 66, 34a, 64a 
— , hardened, detection, 64d, 
596 

— , paint industry, 66a 
— , spontaneous heating, see 
• Mackey test 
stand, 26c, 606 

— , sulphated (sulphonated),516 
— , sulphur, 666, 69c 


Oils, vegetable, analyses of 
araclus, castor, cotton, 
hemp, kapok, linseed, SSa? c 
— , — , nydnocarpus, sun- 

flower, teaseed, tung, 66a 

— I — » maize, oiticica, 

olive, perilla, poppy, rape, 
sesame, soya, 55c 
— , vulcanised, 62a 
Oilseed cakes, 39a 

, toxic, 396 

Oiticica oil, lid, 28a, 536, 65a, 
SOd 

Okra fruit, Gumbaut, Gumbo, 

81a 

Old fustic, dyewood, 81c 
Olefin hydrocarbons, 3206 
Olefins, 82c 

— , additive reactions, 86a 

— and polymerisation cata- 

lysts, 85d 

— as alkylating agents, 87c 

— from “ cracking,” 83d 
— , isomerisation, 82c, 846 
— , ozonides, 88a 

— , polymerisation of high- or 
low-molecular, 85a 
— , 9 preparative methods, 82d 
— , production, 3396 
— , potato - growth stimulants, 
400d 

— , substitution in, 88d 
Oleic acid, 106, 11a, 21d 

, reactions, 116 

, stereoisomers, 116 

, synthesis, 11c 

Oleines (oleins), 63c, d, 54a 
Oleoeuropein, 91a 
Oleo oil ; oleo stearin, 40c 
Oleo-resins, 89c 
Oligoclase, 90c 
Olive {Olea europcea), 90c 

— oil, 91a 

, adulteration, 04a, 926 

, characteristics, 22a, 636, 

55a, 91d 

, extraction, 37d, 916 

, unsaponifiable portion, 

22a, 926 

, uses, 216, d, 926 

Olivenite, 92c 
Oliver's bark, 92d 
Olives, vitamin-A, 91a 
Olivetoric acid, 92d 
Olivine, 93a 

Ongokea diacetylenic acid, 136 
Onion {Allium cepa),.93c 
— , vitamins, 946 
Onofrite, 946 
Ononin, 946 
Ononis root, 946 
Onosma echioides, 94c 
Onsager equation for strong 
electrolytes, 94c, 140d 
Onyx, 976 
Oolite, 976 
Opal, 97c 

Opianic acids, 98a, 1126 
Opiaurin, 986 
Opium, 986 

— alkaloids, manufacture, 102a, 
d 

— components, 99c 

— legislation, 105a 

— , minor alkaloids, extraction, 
103c 

— , physiological action, 1206 

— production, 100a 

I Opium-smoking, 99a, 102c 
I Optical activity, 116a 


Optical activity and circular 
dichroism, 1196 

molecular structure, 

1176 

m photochemical syn- 
theses, 1186 

, molecular theories, 118c 

of inorganic molecules, 

118a 

cycZoparafflns, 118a 

— isomers, resolution, 116a, 

1186 

— rotatory power, 110a 
Orange, 119c 

— Chromes, 634c 

— flowers, leaves, oils of, 120d 

— Lead, 636(1 

— , “ navel,” 119c 
— , Palatine, 120(f 

— pectin, 1206 

— peel pigments, 1206 

— , ripening changes, 1206 
— , — with ethylene, 1206 
— , Salicylic, 120d 
— , vitamin- C, 120c 
Orangite, 120d 
Orbitals, electronic, 120d 
Orcein, 120d 
Orchil, 121a 
Orcin, 121a 
Orcinol, 121a 
Ordeal iDcan, 121 or 
Order of bonds, 1296 
Orientation at surfaces, 1296 
Origanene, 1296 
Origanum oils, 1296 
Ormosine, ormosinine, 1296 
Ormthine, 1296 
— , detn., 130a 
— , identification, 1306 
— , isotopically labelled, 130a 
/-Ornithine, metabolism, 129d 
(//-Ornithine, synthesis, 130c 
Ornithuric acid, 1296, 1306, 
131a 

Orpiment, 131a 
Orris root, 1316 
Orsellinic acid, 1316 
Orthite, 1316 
Orthobaric density, 131c 
**Orthocaine,'" 1326 
Orthoclase, 1326 
Orthodene, 132d 
**Orthoform, iVcic,” see Ortho- 
caine 

Orthohydrogen, 132d 
Oryzamn, 153a 
Osag^e orange tree, 133a 
Osajin, tsoOsajin, 133a 
Osazones, 133c 
Oscillator, energy, 133c 
Osmate, potassium nitroso- 
chlor-, 135a 
Osmiamic acid, 1356 
Osmic acid, chloro, salts, 134a, 
d, 135a 

Osmiridium, 133c 
Osmium, 133d 

— carbonyls, 135c 

— chlorides, 136a 
— , detection, 136c 

— dioxide, 134c 

— fluorides, 134d 

— nitrite, 1356 

— tetroxide, 134c 
Osmocyanides, 135c 
Osmometers, 138c 139c 

— , diffusion of polymers in, 
139(/, 140a 

— , membranes for, 139c 



INDEX. 


667 


Osmophores, 135(Z 
Osmotic pressure, 135(2 

and molecular weight, 1 36(2 

Van 't Hoff equation, 

137a 

vapour pressure, 137<2 

, definition, 136a 

, interpretation, 140a 

of high polymers, 137a, 

138c 

, origin, 136a 

Osones, 140c 

Ostwald dilution law, 140c 
Otavite, 1416 

Ouabagemn, ouabain, ouabaio 
tree, 1416 

Overpotential, 1416 

— and catalytic poisons, 1446 
— ' — temperature, 144a 

— , growth and decay, 1446 

— of deuterium, 144(2 
Overvoltage, 141c 
Oxalates, 148d 
Oxahc acid, 147c 

, detection, 147(7 

, detn., 1486 

, — in urine, 148c 

from moulds, 1476 

, photo - decomposition, 

147c 

N N'-Oxalyl urea, 225a 
Oxazine dyestuffs, 1496 
“ Oxford unit,” 271(7 
Oxidase, amine, 167a 
— , — , inhibition, 1076 
— , ascorbic acid, 160(7 
— , cytochrome, 100a 
— , diamine, 1076 
— , polyphenol, 166c 
Oxidases, 164a 
— , aerobic, 160a, 1656 
— , amino-acid, 165a 
— , anaerobic, 160a 
Oxidation, direct, 178a 
— , hydrocarbon, 178a 
Oxidation-reduction poten- 
tials, 154a 

Oxide pigments, British Stand., 
6346 

Oxides {see also Peroxides), 
176c 

— , graphitic, 177c 
— , metallic, 177(7 
— , non-stoicheiometnc, 1776 
Oxonium salts, 176a 
Oxozonides, 201c 
Ox, pig and sheep depot fats, 
306 

“ Oxsorbent ” reagent, 179a 
Oxyacanthine, 167(7 
Oxy-acetylene descaling, 180c 

— surface hardening, 180(7 

Oxycoccicyanin, 168a 
Oxygen, 168c 
— , applications, 180c 
— , atomic, preparation, 1746 
— , — , reactions, 174d 

— basis for atomic weights, 

172c 

— bonds, 176(7 

— , Claude process, 1846 
— , colloidal, 172c 

— crystal structures, 1726 

— , desurfacing process with, 
180(7 

— , detection and detn., 1786 
— , — of traces, 179c 
— , detn., automatic, 179(7 
— , — , continuous absorption, 
178(7 


Oxygen, detn., in compounds, 
180a 

— , water, 1786 

— , electrolysers for, 191a 
— , electrolytic, 1706, 189(7 

— for iron cutting, 186a 

— , Frankl regenerator, 188(7 

— from electrolysis of barium 

hydroxide, 1706 

L* Air Liquide process, 

187a 

liquid air, 183a 

petoxides, 169(7 

potassium chlorate, 1696 

— , Heylandt process, 185c 
— , high-pressure electrolysis, 

191(7 

— , history and occurrence, 
168c, (7 

— , industrial, 186c 

— ions, 176a 

— isotopes, 172(7 
, detn., 173c 

, exchange reactions, 173c, d 

, radioactive, 175c 

, separation, 173 

— , Linde double column pro- 
cess, 185a 

— , liindo’s process, 183c 
— , liquid, 171c 
— , litre weight, 170c 

— meter, magnetic, 179(7 

— molecule, 1706 

— overpotential, 145c 

— , physical properties, 1706 
— , plants for liquid, 180(7 
— , preparation, 169a 
— , — , accidents, 169c 

— production, 1826 
— , purity, 186a 

— , solid, 1726 
— , solubility, 171a 
— , spectrum, 170(7 
— , storage and transportation, 
187(7 

— , ietra-atomic, 1756 
— , ultra-violet absorption, 533a 
Oxyhasmoglobin, 191(7 
“ Oxyliquit,” 191(7 
Oxynarcotine, 1136, 191(7 
Oxypbloroglucinol, 191(7 
Ozokerite, 191(7 
Ozone, 192a 

— and halogens, 196a 

organic compounds, 196c7 

— , atmospheric, 1926 

— attack on rubber and grease, 

197a 

— , detection and detn., 197a 

— bleaching, 197a 

— , b.p. anil critical properties, 
195c 

— , chemical properties, 195c 
— , chemiluminescence, 197a 

— from chemical reactions, 

193c 

electrolysis, 1936 

— formed in ultra-violet light, 

1926, 193a 

— formulation difficulties, 1946 
—, liquid, 195(7 

— , optical properties, 1956 
— , physical properties, 1946 
— , preparation, 1926 
— , pure, 193(7 

— , reaction with elements, 195(7 

— sterilisation of water, 197a 
— , thermal formation, i92c 
Ozonides, 197(7, 109a, 200a 
(50-Ozoiiided, 198o 


Ozonides and peroxides, 199a 
— , decomposition, 198a 
— , dimeric, 200(7 
— , inorganic, 197(7 
— , monomeric, decomposition, 
2006 

— , polymeric, 201a 
Ozonisers, industrial, 193(7 
— , low temperature, 193a 
Ozonolysis, 197(7 
— of triple bonds, 200a 


P 

Paint, covering power, 625a 

— oils, 56a, 202c 

— spreading rate, 625a 
Paints, 202c 

— , antifouling, 2076 
— , boot-topping, 207c 
— , brushed, dipped or sprayed, 
207(7 

— , decorative protective, 207a 
— , zinc oxide, 206c 
Palladic chloride, 210(7 
Palladium, 208(7 

— alloys, 210a 

— ammines, 21 lo 
— , detection, 211(7 

— , dichlorodiammmo-, 209a 
— , hydrogen absorption by, 209(7 
catalyst or filter, 210(7 

— oxides, 2106 

— , properties, 2096 
— , pur(>, 209a 
— , separation, 2116, d 
— , uses, 2106 

Palladomtrites for electro- 
plating, 211(7 
Palladous chloride, 210(7 

— cyanide, 2116 

— sulphate, 2116 

— sulphide, 211a 

Palmse seed fats, babassu, 
cohune, grugru, murumuru, 
ouncoury, tucuma, 176 
Palmitic acid, occurrence, 106, 
196 

Palmitoleic acid (see also 
Hexadecenoic acid), 10c, 
12a 

Palm-kernel oil, 166, 176, 186, 
53c, 54c 

I ^ crude, 54c 

, extraction, 38a 

, olein, refined, 64c 

, stearin, refined, 54o 

Palm oil, 166, 186, 54c, 211(7 

, extraction, 37(7 

, refined, 54c 

substitutes, 17c 

— sugar, 211(7 
Paludrine, 2126 
Pamaquin, 2126 
Panchromatic plates, 576(7 
Pan mill, 205a 
“Panfocame,” 2126 
Pantoic lactone, 213a 
Pantothenic acid, 212c 

as vitamin, 214c, 216a 

derivatives, 2156 

, detn., 213a 

, isolation, 212(7 

, pharmacology, 215a 

^,^physiological acti'idty, 

, stereochemistry, 213(7 * 

, synthesis, 218o 

Pantoyltaurin, 215o 
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Papain, 215c 
Papavei^amine, 115a 
Papavaretum, 102c 
Papaverine, 1036, d, 1056,1106 
— , synthesis, 1116 
**P5eu(ibPapaverine,” 112^^ 
Papaver somniferum var. album, 
and var. glabrum, 986 
Paper from pulp, 219d 

— humidifier, 224a 
— , moisture in, 223(i 

— sizing, 224c 
Papermaking, 215d 

— , duplex and tnplex, 2236 

— vat, 223a 
Papyrus, 231c 
Parabanic acid, 225a 
Paraohor, 225c 

— , additive properties, 226a 
— , , exceptions, 227a, 230a 

— and semi-polar double bonds, 

221d 

structure. 229!^ 

— , effect of bonds on, 227d 

Paradol, 230a 

Pcu^afBn hydrocarbons, 319d 

— oil, 389c 

Paraffins , dehydrogenation , 
353c 

isoParaffins, 357a 
Paraffin wax, 3926, 403d 

coated paper, 414d 

group, 404a, d 

— waxes, finishing, 406c 

— wax, pressing and sweating, 

405a 

, solvent deoiling, 406a 

, utilisation, 413c 

Paraguay tea, 2306 
Paramagnetism, 230d 
“ Paramol,** 230d 
** Paramorfan,*^ 1066 
Paraxanthine, 231a 
Parchment, 2316 

— paper, 231d 

Parmeu*ic acid, 136, 14d, 276, 
286 

“ Parker ising,** 233a 
Parmone, 233a 
Parsley, 233a 
— , essential oil, 2336 
— , fatty oil, 233c 
— , oleo-resin, 90c 
Parsnip, 2346 

Partial molar free energy, 
237d 

properties of electrolytic 

solutes,* 237a 

quantities, 234c 

specific heats, 2376 

volumes, 235d 

of electrolytes, 2366 

Particle size, 625a 

, average, 243 

by adsorption methods, 

243a 

centrifugal sedimenta- 
tion, 240c 

cumulative sedimenta- 
tion, 240a 

elutriation, 242c 

hydrometer, 240d 

incremental sedimen- 
tation, 240a 

light - extinction sedi- 
mentation method, 2416 

— , manometric method, 

« 241a 

pendulum method, 

2416 


Particle size, by permeability 
methods, 2436 

pipette, 2406 

segmentation, 239c 

balance, 241a 

turbidimetric method, 

243c 

distribution, 239a 

in the sub-sieve range, 

238c 

of cement, 240d, 242c, 

243c 

Partition function, 244c 
Passivation, mechanism, 249c 
Passive metals and films, 248d 

— non-ferrous metals, 2486 
Passivity, 247c 

— and water-treatment, 251c 

— in electroplating, 2526 

protective coating, 252a 

— , periodic, and pulse trans- 
mission, 250d 

Patchouli alcohol, 252c 
Patina, 252d 
Patronite, 252d 
Patulin, 252d 

— against common cold, 254a 
Pauli Exclusion Principle, 2546, 

542c 

Paw-paw, papaya (see also 
Custard-apple), 2546 
Peach, Prunus persica, 2556 
Pea growth, effect of Zn or Ni, 
2566 

— , Piaum satirum, P. arvense, 

254c 

Pearl, 256c 

Pear, Pyrus communis, 256a 
Pea, vitamin content, 2556 
Pectic acid, structure, 257c 
Pectin, 256c 

— araban, 256d, 258a 
“ Pectinase,’* 257a 

Pectin as source material, 258c 

— galactan, 266d, 258a 
— , mol. wt., 2586 

— , preparation, 2586 
Peganine, 258c 
Pelargonenin, 258d 
Pelcu'gonidin, 259a 

— 0-base, 260a 
— , sources, 259a 
Pelargonin, 260a 
Pelletierine, 

Peltogynidin, 261c 
Peltogynol, 262a 
Penicillin, 262d 

“ Penicillinase,” 264d, 269a 
Penicillin, assay, 27 Id 
— , — , chemical, 273a 
— » — ♦ cylmder plate method, 
272a 

— , — , paper strip, 273d 
— , crystallised, 267d 
— , dihydro P, 2696 
— , dosage, 274d 
— , extraction, 266d 
— , freeze-drying, 267c 

— G, 2696, 271d, 274c 

— I or P, 2696 

— , international unit, 272a 

— K, 2096 

— , properties, 268a 
— , references, 268a 

— Begulations, 276c 

— , relative activity against 
organisms, 2746 

Penicillins, differential assays, 
273c 

— , six 2696 


Penicillin stability, 2686 

and pH, 268c 

— , structure, 270a 
— , synthesis, 2716 
— , veterinary use, 2756 

— Ill or X, 2696 
Penicillium fermentations, 

263d 

Penicillium notaium - chryso- 
genum, 263d 

Penicillium nutrient media, 
2646 

— , submerged culture, 266d 

— surface culture, 264d 
Penicilloic acid, 2706 
Penillic acids, 271a 
Pentamidine, 275d 
ci/c/oPentenyl ring in fats, 12 a 
Pentlandite, 275d 
Pentobarbital, 276a 
Pentobarbitone soluble, 276a 
**PentothaW^ 276a 
Peonidin, 276a 

Peonin, 

— , synthesis, 277a 
Pepper, adulterations, 279c 
— , black and white, 2776 
— , long, 2806 
Peppermint, oils, 280d 
Pepper, Piper nigrum, 2776 
Pepsin, 280d 
Pepsinogen, 280d 
**PerabrodiV^ 281a 
Peracids, 299d 
Perborates, 2956 
*'Percaine,*' 2816 
Percarbonates, 2946 
Perchromates, blue and red, 
273d 

Per-compounds, 291d 
Perezone, 2816 
Perfumes, synthetic, 281c 
“ Pergamynr 232c 
Peridot, 936, 2916 
Perillaldehyde, ^Ic 
Perilla oil, 26c, 536, 556, 2916 
Perillyl alcohol, 291c 
Peritectic reaction, 291c 
Permeability, Kozeny equa 
tion, 2436 

Permolybdates, 294a 
Permonophosphoric acid, 
295a 

*'Pernoctony' 291c 
“ Peronine,** 106d 
Peroxidase, 166a 
Peroxides, alkali metal, 291d 
— , alkaline earth, 292c 

— and peracids, inorganic, 291d 
, organic, 295c 

— , formula, 177a 

— of cyclic ketones, 298a 
— , organic, analysis, 295c 
— , — , transannular, 295d 
— , polymeric, 299a 
Peroxide value of fats, 49a 
Persian berries, 3006 
Persimmon, 3016 
Persulphates, 2946 
Peruranates. 2946 
Peruviol, 30ld 
Pervitin, 301d 

Pest control, 301d 

, biological, 302d 

, chemical, 303d 

, mechanical, 3036 

Pests of stored food, 302a 
— , rodent, 314a 
PetaUte, 314d * 

Pethidine hydrochloride, 314d 
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Petrol, ^ee Gasoline 
Petrolatiuns, 3046 
Petrolatum waxes, 4046, 406d 
Petroleum, 315a 

— aromatics, 321a 
— , ash content, 324a 

— ceresins, 4046, 4O0d 

— , chemical products, 306a, 
398a, 399a 

— , composition, 3186 

— cracking, 325a, 3306 

, Dubbs process, 332d 

for gasoline, 336a, 337a 

— , crude, 329a 

— “ flash topping,” 3276 

— fractionation, 321a 

— fuel oils, 393a 

— gases, 370c 

— , literature, 401 

— , nickel content, 324c 

— , nitrogen compounds, 3226 

— , origin, 315d 

— , oxygen compounds, 322d 

— , production, 317a 

— products, 3706 

— reflning, 324d, 325a 
Petroleums, medicinal, 397d 
Petroleum stabiliser, 32 8d, 

336d 

— stills, 325c 

, flash chafinber, 3356 

— , sulphur compounds, 322a 

— tests, 400d 

— , thermal cracking, 330d 

— treating, 325a 

— , vanadium content, 3246 
— , vapour-phase cracking, 3386 

— viscosity breaking, 3376 

— waxes, 3926, 403d 

, composition, 407c 

, halogenation, 4136 

, oxidation, 413a 

, properties, 4096 

, refractive indices, 410a 

, solubility, 4106 

, tests, 407a 

Petroselinid acid, distribution, 
13a, 233d 
Petumdin, 416a 
Petunin, 416d 
Petzite, 417c 

pH and activity theory, 419a 

precipitation, 427a 

standard cells, 417d 

— controllers, 437a 

— detn., colorimetnc, 4286 

electrodes, 430a 

, electrometric, 429c 

, potentiometric, 434a 

, recorders, 434d 

— during neutralisation, 4216 

— of carbonates and phos- 

phates, 428a 
sulphides, 427d 

— replaced by mean ionic 

activities, 417c 

— scale, 419c 

— values, 417c 
Pharbitidin, 438c 
Phase-boundary potential, 

438c 

Phase equilibrium diagrams, 
4896 

— rule, 438c 

and temperature, 446c 

mixing of complexes, 4466 

Ph^andral, 459a 
a-Phellandrene, 4596 
^Phellandrene, 4^6 
Phemitone, 459o 


Phenacetin, 459c 
Phenacite, 459c 
Phenanthraquinone, 4656 
Phenanthrene, 459c 

— and derivatives, prepn., 460c 

— carboxylic acids, 465a 
— , reactions, 46 Id 

— , sulphonation, 463a 
Phenanthrols, 464c 
Phenanthrylamines, 4616 
Phenazone. 466c 
**PhenobarbTtone” 466c 
— , **8oluble;* 466d 
Phenocyanine VS, 15 Id 
Phenol and homologues, 466d 

— (Carbolic Acid), natural, 470a 
Phenols, dihydric, 4 7 He 

— , monohydric, 489a 
— , — , characterisation, 469c 
— , — , sources, 470a 
— , number of isomeric, 406d 
— , properties, 467a 
— , trihydric, 4776 
Phenol, synthetic, 470c 
— , -butyl-, 473d 

— , p-(aayy - tetramethylbutyl), 
4746 

— , uses, 471c 

Phenothiazine, 479a 
Phenylacetaldehyde, 28 Id 
Phenylacetic acid, 4796 
d/-Phenylalanine, 480c 
1-Phenylalanine, 479d 
j9-Phenylethyl alcohol, 282c 
Phenylethyleneglycol, 283a 
Phenyl 2 sopropylamuie, 162a 
Phloretin, 481c 
Phloridzin, 481c, d, 4826 
Phloroglucinol, 478c 
Phosnicein, 4826 
Phoenin, 4826 
Pholedrine, 482c 
Phosphate rock, phosphorite, 
482c 

Phosphates, meta- and poly-, 
513a 

Phosphatides, la 
Phosphides, metallic, 516a 
Phosphme and flares, 514c 
Phosphines, mono-, second- 
ary, and tertiary, 523c 
Phosphine toxicity, 615a 
Phosphonium compounds, 
515a, 624d, 525d 
Phosphoric acid, 491c, 503a 
, puriflcation, 4966 

— acids, sodium salts, 508c 

— acid, uses, 496c 

, wet-process, 492d 

Phosphorous acid, 506d 
Phosphorus allotropes, 483c 

— blast furnace, 487d 

— cyanides, 522a 

— , cyclic compounds, 5246 
— ,“ electrothermal production, 
488a 

— , elemental, 483c 

— furnace-slag, 401a 

— halides, 517a 

— , organic derivatives, 623c 
— ^oxy- and thio-halides, 519c 
— ‘oxychloride, 620a 

— pentachloride, 518c 

— pentasulphide, 6336 

— pentoxide, 499d 

— peracids, 6086 

— , radioactive, 486c 
red, 496d, 497d 
— , stereochemistry, 626c 

— sulphides, 622c 


Phosphorus sulphochloride. 
521a 

— , synopsis, 482a 

— tetroxide, 50pa 

— , toxic properties, 4996 

— trichloride, 5186 

— trioxide, 501c 

— vapour, 48 4d 

, thermodynamics, 485a 

— , white, 485d 
— , — , production, 480c 
Photochemical Equivalence 
Law, 542c 

— halogenisation, 5366 

— light sources, 5276, 5286 

— threshold, 542c 
Photochemistry, 526a 

— of aldehydes, 637c 

ammonia, 638d 

double bonds, 539c 

dyes, 6416 

hydrocarbons, 5376 

ketones, 5386 

nitrogen dioxide, 539a 

Photo-dichroism, 5436 
Photo-dye copying, 574c 
Photographic chromaticity, 
6786 

— colour recording, 576c 

— developers, 560a, 5636 

— development, 655c, 559d, 

560d, 569a 

— dye-sensitisation, 676a 

— emulsion, 545c, 5466 

— emulsion coating, 55 Id 

,ilne-grain, 5636 

, gram-size, 547a 

, hardening, 551c 

, manufacture, 548a, 640a 

, speed, 547c, 667a 

supports, 554a 

, icothiocyanate sensitisers, 

549d 

— fixing, 603d 

— latent image, 555d, 5576 
, history, 554c 

— plan-copying, 5746 

— positives, 569a, 570d 
, toned, 665c 

— printing paper, 550c 

— raw materials, j551a 

— reversal, 603c 

— sensitometry, 660a, 569d 

— washing, 566a 
Photography, 543c 

— , colour, coupling in tripack, 
581d 

— , dye-bleaching colour, 684c 
— , infra-red, 577a 
— , mosaic screen, 580c 

Photogravure, 673c 
Photolithonaphy, 5726 
Photo-mechanical processes, 
571d 

Photo-oxidation, 639d 

of aryl hydrocarbons, 

541a 

ethylemc compounds, 

640c 

— rubrene, 640d 

Photosensitisation, 636c, 
541d, 642d. 684d 
Photosensitivity of dyestuffs, 
584d 

Photo-stationary state, 542d 
Photosynthesis in plants, 5926 

, solar energy usqd, 

694a 

Photosynthetio formaldehyde 
assumed, 596a 
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Phototropy, 5i3b, 585a 
Phthalate buffer and standard, 
600(f 

Phthalates, 60Q6 
Phthalic acid, 597c 

and anhydride, chemical 

properties, 6996 

, detn., 6026 

, dibutyl ester, OlOd, 612a 

, dimethyl ester, 611c 

esters, acid and neutral, 

610c 

, uses, 611a 

, manufacture, 603c, d 

r, catalysis, 6046 

, process and plant, 

6056 

, reactions jn, 604d 

, properties, 598a 

, reactions, 608d 

i^oPhthalic acid, 697d, 6166 
Phthalic acids, halogenatcd, 
613d 

, mtro-, 614c 

, nuclear halogeno-, 613c‘ 

, sulpho-, 614d 

— anhydride and amines, 010a 

Grignard reagents, 

609c 

phenolphthalein, 609c 

m alkyd or glyptal resms, 

609c 

resins, 609c 

, properties, 59 7d 

Phthalimide, 615a 
Phthalocyamne catalysts, 
620c 

— , structure, 019c 
Phthalocyanines, 617c, 0186, 
647a 

— , properties and uses, 019a 
— , substituted, 618c 
“ Phthedone reaction,” 010a 
Phthalonitrile, 615d 
Phthalyl chloride, 613a 
**Physeteridde'^ oils, 6c 
Picramnia tariric acid, 06, 
13a 

Picrocellin, 6206 
Picrotin, picrotoxinin, 620d 
Picrotoxm derivatives, 622a 
Pig body fat (lard), 7a, 28c, 
30c, 53c, d 

Pigment, chemical iron oxide, 
6336 

— dyestuffs, 644a, c 
— , oil absorption, 624d 
— , opacity, 624d 

— , staining power, 625a 
Pigments, 202d 

— and lakes, 6236 
— , luminous, 641d 
— , precipitated, 625d 
Pimento, 6476 

Pinacol-pmacoline transfor- 
mation, 648a 
Pinastric acid, 648a 
Pinchbeck, 648a 
Pineapple, 6486 
Pinenes, a- and fi -, 648c 
Pinocampheol, 648d 
Pinocamphone, 649a 
Pinocarveol, 649a 
Pinocarvone, 6496 
Pioury, purree, 6496 
Piperidine, 2796 
Piperine, 278d 
«.Piperitol, 6496 
Piperitone, 649c 
Piperonal, 649o 


Piqui-a fat, 166, 106 
Piqui oil, 650c 
Pisolites, 976 
Pitch, 650c 

— and tar, definitions, 6516, c 
— , brewer’s or rosin, 655a, 666c 
— , hard, 6516 

— , methods of test, 6526 
— , no latent heat of fusion, 652a 
— soft, 6516 
— , viscosity, 651d ^ 
Pitchblende, 6576* 
Pitch-coke, 653d 
Pitches, less common, 655a 
— , wood-tar, 6566 
Pituitary gonadotropins, 659a 

— body, 6o8a 
Planck’s constant, 5266 
Plum oil, see Oil, almond 
Poising action, redox, 157d 
Polarimeter, 117a 
Polarised light, 116a 
Polenske apparatus, G7a 

— Value, 31c, 68a 
Polymerisation catalysts, 1786 

— of olefins, 348c 

— ^ catalytic, 349a 

— , thermal, 348d 
Pomiferm, 133a 
Poppy-seed oil, 256, d, 55c 
” Porphyroxme,” 110a 
Potassium palladocyamde, 

211c 

Premier jus, 296, 39d, 53d 
Primer, paint, 205c 
Primrose chrome, 634d 
Prolactm, 659c 
“ Prominal,** 459c 
Propane, propylene, products 
from, 3076 

— solvent, liquid, 394a 

p - tsoPropylacetophenone, 
287a 

isoPropyl ether, 3976 
Protopme, 104a, 114d 
Prussic acid, 312a 
Purple oxides of iron, 6336 
Putty, 207a 
“ Pyrene,** 396c 
Pyrethrum, 306a 
— , assay methods, 306c 
Pyrocatechol, 4756 
Pyrogallol, 478a, 5606 
Pyrophosphate ester of 
aneunn, 165c 

Pyrophosphoric acid, 505c 
Pyrophosphoroua acid, 6076 


0 

Quantum efficiencies, 529c, 
542c 

— theory, 526a 
QuerceUn, 300c 
Quercitol, 479a 
Quinoline derivatives, 290a 


H 

Racemate mixture, 117d 
Radiant energy units, 526a 
Radium, 657d 
Rag i^ulp, 216d 

Rancidity, detn. of peroxide- 
oxygen in, 76a 
— , hydrolytic, 44d 
— , ketone, 49c, 756 
— , oxidative, 386, 47a, 48a 


Rancidity, oxidative,detection, 
detn., 49a, 75c 
Rape oil, 23a, 536, 55c 
Rayleigh law, 243d 
Red Chromes, G35a 

— Lead, 636c 

Redox and Van ’t Hoff iso- 
therm, 155c 

— free energy, 155a 

— indicators, 159c 

— , Luther’s rule in, 158d 

— oxidation process, 155a 
“ Redox ** potential, 1546 
Redox potentials, detn., 156c 

— poientiometric titration, 

167c 

— reduction process, 154d 

— rH queried, 159a, c 

— standard potential, 155d 
Reformed gasoline, 339a 
Reichert Value, 68a 
Reichert-Meissl Values, 31c 
Reichert - Polenske - Kirsch 

test, 31c, G6d 
Resorcmol, 475d 
Respiration and cytochrome, 
16 Id, lG5a 
Rhamnazm, 300c 
Rhamnetm, SOOd 
Rhamnus alternus, R. species, 
3006 

Riboflavin, 163c 
Ricinoleic acid, 96, 13c 
Ring compounds, large, 290d 
Ritter-Kellner pulp, 219d 
Rodent pests, 302c 
Roller mills, 204c 
Rosm, detn., 76c 

— sizing, 221c 
Rotation, molecular, 117a 
Rotatory dispersion, 1176 
Rotenone, 306d 
Rubber seed oil, 26c, 27a 
Russian-leather odour, 2916 

I Rut 2 er*s 612,” 312c 


S 

“ Sactolith'* 628c 
Safflower oil, 26d, 276 
Salmon fat, 66 
Salt hydrates, 4476 
Salts, preparation, 450a, 454d, 
4556 

— , separation, 448c 
Satin White, 630c, 643d 
Scarlet Chromes, 635a 
Sea-flares, 514d, 6166 
Seal blubber oil, 36a 
Sea water contamination detn., 
68a 

Seed-fats, component acids, 
8c, 15d, 176 cf seq, 

” Sequestering ” Ga ions, 
512d, 513a 

Sesame oil, 256, 536, 55c 
Shade of pigments, 624c 
Shea fat, 20a, 6 
Sheep body fat, 296, 30a 
Shortenings,” 23a, 27a 
Silica in paints, 630d 
Skatole, 290a 
Slate powder, 631c 
“ Soaking ” m reforming gaso- 
line, 339c 

Sodium carbonate and. hydro- 
gen peroxide, 2956 
— metaphosphate glasses, 510a, 
513d 



INDEX. 


Sodium tetrapolypbosphaie, 
6126, 513d 

Soil-particle size, A.S.T.M., 
240d 

Solvent extraction of petro- 
leum fractions, 3706 
Soya-bean oil, 27a, 29a, 53c, 
55c 

Specific rotation, 117a 

— surface, 243a 

Spectra, absorption, atomic 
effects, 627a, 533a 
— , fluorescence, 5326 
— , structure of absorption, 
5316 

Spermaceti, 30c 
Sperm blubber oil, 36c 

— head oil, 36c 
Sperm-whale oil, 66, 366 
Squalene, 356 
Stamers, 623c 
St£Uimc oxide, 629c 
Stearic acid, distribution, 9a, 

10c 

“ Stearins *’ (steannes), 20a, c, 
40c, 63c, d 

StilUngia sebifera, 166, 26c 
Stoke ’s law, 239d 
Stovm^ materials, 204a 
Strontium white, 6306 
Styrene from benzene, 3486 
Sugden’s parachor, 226a 
Sugar palms, 2 lid 
Sulphate wood pulp, 218d 
Sulphite wood pulp, 2196 
Sulphur, detn. in oils, 566, 50c 
Sulphuric acid treatment, 366d 
Sunflower oil, 256, 56c 
Superphosphate, 483a 
Sweetening, 3696 
Swelling pressure, 136a 
Synthetic rubbers, 397c 


T 

Tariric acid, 96, 13a 
Teaseed oil adulterant, 22a, 
64a, 72d 

, characteristics, 22a, 53c 

66c, 64a, 72d 

** Technicolor,^^ 581c, 583a 
Teleostid flsh oil, 6a 
Tendering of dyed cotton, 
691d 

Terephthalic acid, 597d, 616d 
a-Terpineol, 2826 
Terpmyl acetate, 289a 
“ Tcrp/cne,” 617a 

- Tetradecenoic (myrist- 
oleic) acid, 12a, 37a 
Tetraethyl-lead, 381a 
Tetrahydrogen diphosphide, 
515d 

1:2. 3:5 - Tetrahydroxyhen - 
zene, 478d 

Thebaine, 103a, 6, c, 108d 
“ Thebolactic acid,” 115d 
Theobroma cacao, 166 
Thermal reforming, 339a 
Thinners, 2046 
“ Thiokol rubber, 397c 


Threshold treatment, 5146 
Thymol, 474c 

Thyroid, control of iodine in, 
660a 

Thyrotropic hormone, 659d 
Tm oxide, stannic oxide, 629c 
Tint of pigments, 624c 
Titanium oxide, 628c 

— o-peroxy-acid, 293c 

— peroxides, 2936 
Toddy, 212a 
p-Tolualdehyde, 284d 
Toluene from petroleum, 356c 
Tone of pigments, 624c 
Tonka bean oil, 23a 
Tracftor fuel, 387c 
Treating petroleum distillates, 

3666 

Triacetone peroxide, 298c 
j6-Tridecenoic (gorlic) acid, 
126, 13a 

Triphendioxazine dyes, 152a 
Triptane motor fuel, 383c 
Tritopme, 113d 
Tucuma fat, 176 
Tung oil, characteristics (see 
also Elaeostearic acid), 14c, 
27d, 56c 
gel, 50a 

, optical properties, 2d, 

276 

, polymerisation tests, 73d 

Turkey Red oil, 516 
Turpentine, 89d 
— , Chian, 89d 
— , Venice, 89d 
T^ni^osinase, 166c 


U 

“ Uberspamiimg,” 142d 
Ultramicroscope, 239c 
n-Undecaldehyde, 284a 
Undercoatings, 206a 
“ Unsaponifiable consti- 
tuents,” 16, 63a 
Unsaturation detn., 606 
— , mean, expression for, 35a 
Uranium, 657d 


V 

VI flying bomb, 384d 
V2 rocket, 182a, 385a 
Vaccenic acid, 126, 29d 
isoValeric acid, 6c 
Vanillin, 2856 

Varmsh, short- or long-oil, 
203d 

Vegetable parchment, 23 Id 
Vellum, 2316 
“ Velsicol 1068,^’ 312a 
Verdigris, 639a 
“ Veritol” 482c 
Vermilion, 636c 
“ Victane,** 356d 
Violet, Modern, 151d 
Virage of indicators, 424c 
Vistanex,^* 3526, 397d 
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Vitamin - Bi pyrophosphoric 
ester, 1656 

Vitamin-B 2 > 163d • 
Vitamin-£, 25a, 75a, 474c 
P-Vitamin, 201a 
Vitamins-i4 and -D, 7d, 34c, 
356, 74c 

Vulcanised flbre, 232d 


W 

Walnut oil, 26d 
Water-softening with meta- 
and poly-phosphates, 513a, 
514c 

” Wax distillate,” 404a 
Wax esters, la, 6c, 36c 
Weak acid and strong base, 
421c 

Wemor-Pfloiderer mill, 205a 
Whale blubber oil, 35c 

— liver oil, 35d 

— milk fat, 36a 

— oil, 66, 35a, 53c, 54c 

, Antarctic, 366 

, hydrogenated, 366, c 

Wheat-germ oil, 25a 
White, Aluminium, 643c 
— , Chinese, 627c 

— lead, 625d, 6266 

, sublimed, 627a 

, toxicity, 626d 

— , mineral, 6306 

— , Pans, 630c 
— , Pattinson’s, 6276 
Whitmg, 630c 
Willesden canvas, 233a 
Winter green, oil of, 288c 
Wool ” fat,” Wool grease, Wool 
wax, 31a 


X 

” Xanthaline,” 113a 
Xanthorhamnin, 300d 
m-Xylenol, 473c 
Xylenols, 4736 


Y 

Yellow, Antimony, 636c 
— , Cadmium, 636a 
— , Kings, or arsenic, 6366 
— , Naples, 6366 
Yellows, ferrite, 633c 


Z 

Zinc as pigment. Olid 

— sulphide, 628c 

— oxide, 627c 

Zirconium peroxysulphate, 
293c 

Zoomaric acid, see J^-hexa- 
decenoic acid 
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